


I

,I

I
I

I
I
I

I
I

I

I
I

I

I
I

t

CONE AND COLUMN SOLAR CONCENTRATOR MODEL

INTERIM SUMMARY PROGRESS REPORT

/

February 1965

By Thomas J. McCusker

Prepared under Contract No. NAS-l-_341,
Control No. L-_733 by

GOODYEAR AEROSPACE CORPORATION

Akron, Ohio

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

L_{GLEY RESEARCH CENTER

};_iVpT0N, VIRGINIA

QER-_n4

f



I

I

I
I

I
I

I
I
I

I

I
I

I

I

I
I

I

QER-_II4

FOREWORD

This report sunnarizes the design feasibility analysis conducted

by Goodyear Aerospace Corporation (GAC) for NASA, Langley Research

Center, under Contract NAS 1-4341 for the development of supporting
structure and the design, development, and fabrication of a preproto-

type, five-foot diameter cone and column solar concentrator model.

The work was performed by the Space Systems and Analytics Division with
T. J. McCusker as project engineer. The structural analysis was performed

by J. E. Houmard, The thermal analysis was performed by R. L. Ginter.
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CONE AND COLUMN SOLAR CONCENTRATOR _0DEL

I_ERIM SUMMARY PROGRESS REPORT

By Thomas J. McCusker

Goodyear Aerospace Corporation

SUMMARY

This Interim Summary Progress Report summarizes the studies made in the

design feasibility analysis of the cone and column solar concentrator. The

studies are based on a 60 foot diameter concentrator with the capability

of focusing 95 percent of the focal plane energy within a 1.9 foot diameter
circle.

An optical analysis is made to translate the performance requirements

into structural sizes and tolerances. Based on these structural requirements,
a packaging/erection scheme is detailed which can be analyzed structurally

and thermally.

The optical analysis shows that the concentrator will intercept

368 kW of solar energy in space. Of this, 230 kW will reach the focal

plane. With a receiver efficiency of 75 percent, 172 kW will be available

for energy conversion. The specified rms average errors for attaining

this performance are 30 minutes and 15 minutes for the cone tangential
and radial errors and 16 minutes for the column radial error. The maximum

column diameter required is 2.13 feet.

The packaging study shows that it is feasible to package the concentra-
tor within a volume 9 feet diameter by 25.33 feet long.

Weigh_ calculations show that the weight objective of 0.2 pounds per

square foot is feasible.

The packaging aud erection of the concentrator are sho_m to be feasible.
Problems in the area of maintaining the required tangential accuracy of the

cone reflector are analyzed. Experimental investigations are still in

progress in this area.

The thermal analysis shows the temperature distributions which can be

expected in the concentrator and their effect on geometry.

--1-
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INTRODUCTION

General

_.e cone o_ _oI_,_ concentrator is a combination of reflectors designed

to be the optical equivalent of a paraboloidal reflector. The concentrator

is shown schematically inFigure I. Its purpose is to concentrate solar

energy to a focal point that can be used for electrical power generation or

for other applications.

The concentrator consists of a conical reflector with a stepped column

reflector located on its axis. When the concentrator axis is pointed

to the sun, solar energy incident on the cone is reflected to the column

reflector, back to the cone, and thence to the focal point. The focal

point lies on the axis of the concentrator beyond the end of the column.

Theoretical analysis and tests of an optical demonstration model
were made under NASA contract NAS 1-3140. This work has served to establish

the optical principles of the concept and has shown that the cone and

column concentrator can be competitive with established concentrator designs

provided that lightweight construction can be used without loss of optical

ac curacy.

Scope

Described in this report is the conceptual design of a deployment

system for a 60 foot diameter cone and column concentrator. Only sufficient

detail has been included in the design to show that such a system is

feasible. Included with t_s design is a weight breakdown.

The structural analysis includes the investigations of the membrane

type cone reflector and a folding support ring for the cone reflector.

Since these two components require the more extensive development, most of

the analysis was devoted to these items.

A thermal analysis was made to determine the temperature distribution

in the reflector surfaces under various operating conditions. The effect

of this distribution on cone geometry is investigated.

An overall evaluation is made of the cone and column concentrator

concept and conclusions and recommendations are presented.

-2-
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OPTICAL DESIGN

The optical design of the 60-foot diameter cone and column concentrator

should be made in accordance with the desigmlequations developed under the
preceding contract and reported in G_R-11292 . The effective aperture of the

receiver defines the accuracy requirements of the concentrator surfaces. The

specified aperture is 1.9 inches for a 60 inch diameter concentrator with the

aperture collecting 95 percent of the focal plane energy. The effective

aperture diameter as defined in the reference is then 2.12_ inches.* For a

concentrator radius of 30 feet, as specified for the feasibility study, the

corresponding effective aperture radius will be 1.062 feet.

Equation 42 of Reference I gives the effective image radius as:

[ (1.6o× 16)2+ (6.26_)2 + (4.51o_)2]_2

where:

dr = effective image radius as determined from radial error
considerations

Ro = concentrator radius

o- = rms average radial slope error in the cone reflector, minutes
@r

_- = rms average radial slope error in the column reflector,
mr minutes

Substituting dr = 1.062 and Ro = 30.00, and rearranging we obtain:

I GER 11292, Investigation of the Optical Characteristics of the Cone-

l

I
I

and- Column Double Reflector Solar Concentrator, Goodyear Aerospace

Corporation, Akron, Ohio. November 1963.

* Assuming the receiver efficiency to be 75 percent, the effective aperture

is that aperture which will radiate 25 percent of the focal plane energy.
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(6.26 s-x )2 + (4.57 s- )2 = 14,180
_r aX.

from which a combination of _S_ and %. may be specified. Where s__ is
Vr r --_-

taken as 15.0 minutes, the corresponding value of a_ is 16.02 minutese
ar

This allocation of accuracy requirements appears to be practical.

Equation 43 of Reference I may be used to determine an acceptable value
of tangential cone error, a_ . Image radius is

%

- 3_0 [ (1.60×16)2+ (3o21

Substituting dt and Ro as before, we obtain a_ = 37.10 minutes.
@t

In order to ensure that only one of the quantities dt and dr governs
the image radius, one should be made smaller than the other. This can be

done by reducing a_ to 30 minutes.
_t

This value of _t can be used in Equation 31 of Reference I to obtain

the radius of the top column section,

Po = 0.01 Ro [4°6 + 0.267 a_ ]*
%

Substitution gives Po = 1.065 feet radius. The radius of the next column

section is 0.725 Po = 0.772 feet radius. The radius of the bottom column
section is 0.415 Po = 0.442 feet radius. Since these are practical col%mm

radii there is no need to further lower the allowable tangential slope error
of the cone°

-5-
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In summary, the slope accuracy requirements are:

Cone tangential error =
Cone radial error =

Colman radial error =

30 min rms average

15 rain _ms average
16 mira rms average

The column dimensions are shown in Figure 2. The column will accom-

modate solar rays from that part of the cone between radii of 3 feet and

30 feet. The column has been lengthened to intercept rays up to 0@ -

301 from the paths of the ideal rays as shown.

The focal point is located by tracing the path of the ideal rim ray.

The image of the column in the cone reflector is located as shown in

Figure 3. The rim ray is drawn from the column image so that it approaches
the focal plane at an angle (effective rim angle) of 45 degrees. Solution

of the resulting geometry shown locates the focal point 1.319 feet below
the rim of the cone.

Figures & and 5 show the paths of rays grazing the top of the column

and entering the center of the aperture and the edge of the aperture. The

ray shown entering the edge of the aperture is in the position beyond which

there is no loss due to interference by the top of the column. The ray

entering the center of the aperture is in a position where the interference

loss is approximately 50%. By assuming a linear relationship between

fraction of power lost and concentrator radiusp an estimate of the total

power loss can be made.

The fraction of power loss from rays originating at radius r is:

f = .50 r0 - r

ro - r.50

where:

ro = radius of origin of rays having no interference loss

r.50 = radius of origin of rays having 50 percent interference
loss

-6-
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The fraction of power lost from the cone is then:

where A is cone area. Where Ri and Ro are the inside and outside
cone radii, the loss becomes:

I r? f2wrd_

| F . {Ro2 - _2)

r° r - r
o

S .50
ro - r. 50

Ro2 _ Ri2

2rdr

I _- Ri2")'(ro- r-50)
lri_

Substituting ro = 6.892, r.50 = 4.245,. Ro = 30, and R i = 3, we obtain
F = 0.0138. Considering the approxlmations made in the calculation, we

may conclude that the top of the column intercepts between _ and I_ per-

cent of the energy focused on the heat receiver.

-II-



I

I
I

I

I
I

I
I

I
I

I
I

:I

I

GER-12114

The column is s_ported from the heat receiver by 3 one-lnch tubes

_aa!!y s_ced on a 2_83-foot _ius _4_I_ Th_ ÷_p of the onion 4_

connected to these tubes by a spider of 3 one-inch tubes. These struc-

tural members interfere with solar rays focused on the receiver aperture.

The fractional power blocked can be closely estimated by taking the ratio
of the view factor of the structure to the view factor of the incident

rays as viewed from the aperture. This ratio has been calculated to be

0.00429/0.2877 = 0.0149_ Thus, the column support structure has been

found to block about 1½ percent of the energy focused on the heat receiver.

The ring support wires (120 at 0.020 inch diameter) will block 0.21

percent of the incident solar energy.

The various shadowing losses can then be suHnarized as follows:

Receiver blockage

Top of column
Column support structure

Ring support structure
Total shadow loss*

1.0 percent loss

1.4 percent loss

1.5 percent loss

0.2 percent loss
4.0 percent

This total is a reasonable one for solar concentrators.

The triple reflectance for aluminum as determined in Reference I

is 80.3 percent. Various factors such as diffuse reflection, surface

coatings for temperature control, loss of quality obtainable on large

areaw, etc., make this reflectance difficult to obtain. A reasonable

objective for reflectance has been specified at 65 percent. Combining

this value with a 4 percent shadow loss gives 62.4 percent of the intercepted

energy reaching the focal plane. At I A.U., a 60-foot concentrator will in-

tercept 368 kW, 230 kWwill reach the focal plane, and 218 kW will enter the

receiver aperture. With a receiver efficiency of 75 percent, 172kWwill be

available for energy conversion.

I

I

I
I

i op. cit.- GER 11292

* Total shadow loss is calculated from total transmittance, where trans-

mittance is defined as the complement of the shadow loss and total trans-

mittance is the product of the several transmittances.

-12-
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DEPLOYMENT CONCEPT

Packaging Objectives

Since the cone and column concentrator is to be used in space, means

must be provided for packaging the concentrator, transporting it to space,
and erecting the concentrator. The general objectives of the deployment

system are to meet the packaging mad erection requirements and to support

the packaged concentrator during launch.

The package dimensions for large diameter concentrators should be
about 10 to 20 percent of the concentrator diameter.

The package should deploy automatically on command in a zero-g space

environment. It is desirable that some, if not all phases of deploymentj
can be demonstrated and checked on the ground.

The concentrator and packaging accessories should be lightweight.
The weight objective is 0.2 Ib/ft(of frontal area.

The mechanisms for the deployment of the concentrator should require

a minimum of power and energy.

Approach

Fabricating the cone of a thin flexible film permits the cone to be

folded to fit in the package. The film cone can be supported between a

rim ring and a ring near its apex. Because of its size, the rim ring

must be folded to fit in the package. The approach taken for folding the

rim ring is to incorporate longitudinal hinges in the ring so that the

cross-section can be collapsed. The ring can then be folded elastically.

The rim ring can be supported by flexible wire spokes from the central
structure in the vicinity of the heat receiver. The extension of the

ring will be controlled by regulating the deployment of the spokes.

The two lower sections of the column can be telescoped into the upper
section of the column. The package length can further be reduced by moving

the column assembly toward the heat receiver. The resulting package

length is somewhat longer than the more desirable I0 to 20 percent of the

concentrator diameter suggested as an objective, but further telescoping

yields only a small decrease in length at a considerable penalty in

complexity.

-13
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Description Of Packaging/Erection Scheme

A conceptual design of a cone and column concentrator is shown in

F_gures 6_ 7_ and 8. The design incorporates means for folding the

concentrator for packaging and a means for controlling the erection of

concentrator in space. Sufficient detail is shown in these figures
to evaluate the feasibility of the concept.

The principal parts of the concentrator ares

(i)
(2)
(3)
(4)
(5)
(6)
(73
(8)
(9)
(lO)
(n)

(15)

Apex Ring

Rim Ring
Cone

Lower Column Section

Middle Column Section

Upper Column Section

Ball Bushings

Lower, Middle, and Upper Support Tubes
Column Support Tube
Column Drive Cable

Spokes
Spoke Reel

Column Drive Cable Reel
Receiver

Drive Motor

Figure 6 shows the arrangement of parts With the concentrator in the

erected position. Figure 7 shows various details of the erection mechanism

and the structure. The packaged concentrator is show in Figure 8. The

overall dimensions of the packaged concentrator are 9 feet diameter by
25.33 feet long.

Packaglng/Erection of Ring. - The ring design utilizes a collapsible

diamond cross-section to permit folding. With the cross-section collapsed

the ring becomes flexible and can be folded into loops to fit its storage
compartment as shown in Figure 8.

For control of ring erection, it is desirable to have each loop attached

to a spoke. This is accomplished by the design shown. To erect the ring,

the spoke reels are rotated allowing the spokes to extend. Spring loading

in the ring will cause the ring to extend toward its erected position.

A pressure _st be applied to the inside of the ring cross-section to open
the ring to its final diamond cross-section. As opening of the cross-section

progresses, the ring will take its circular shape.



A -- / _cG/f.d. AdF. CO

_ ,'2 _

Akqc_/_J_ _G CO

_Ec-r/_ F oF

.3.927 P/7"C/-/

57G ,.._Z. O T..R"

_-.0_o THK Z02,t- TR

I I

,/

.OC,_ THK_--_O"_'2"O4,1p_.OO.4L,4; yJ 1

--._o00 _o 24 T_"E'T'_ !

_'O/V- AI,48"T'A _./. /C

/_4000 PZ_ 32 TZ'¢"_/

/ _,_,- ,u,_rAz,, /c

-

i

___J

i
l

H

]

_1._0

-7_',_/_1 W,_ c _4_/_ " /

I

l
_l/O00 0.0 . .022 eYAZ/_

TUB/N_ AZ.Y .._;_R'EL

®

1

@

I !

Ill

(9

/



/

®

GER,-1211b

(I)Apex Pang
(2)Rim Ring
(3) Cone

(4) Lower Column Section

(5) Middle Column Section

(6) Upper Column Section

(7) Ball Bushings

(8) Lower 9 Middle9 and Upper

Support Tubes (Figure 7)
(9) Column Support Tube

I
/
/
/
/
/
/
i
/
I
/
/
/

/

(iO) Column Drive Cable

(Ii) Spokes

(12) Spoke Reel

(13) Column Drive Cable Reel

(14) Receiver

(15) Drive Motor

®

FIGURE 6.

?
CO_ENTRATOR IN ERECTED POSITION
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The opening pressure can be either pneumatic or mechanical. A pneumatic

system will take the form of a gas bottle attached to the ring with the gas

pressurizing the ring as required. A mechanical system will utilize springs
inside the cross-section to provide the required opening pressure. The

spokes will probably have to be overextended temporarily to facilitate
the opening of the ring cross-section.

Paqkaging/Erection of Column. - The column is packaged by a telescoping
mechanism. The reflectors of each column section are suDDorted by three

support tubes. Ball bushings attached to the lower and middle support

tubes allow these column sections to be telescoped inside the upper column

section. Ball bushings mounted on arms extending from the top column section

allow the column assembly to roll up the column support tubes for more
compact packaging.

The column is erected by means of cables rigged to extend the sections

as the cables are reeled on a motor-driven drum mounted on the top column
section. One set of cables extends the lower and middle column section

while another set positions the column assembly with respect to the receiver.

Packaging/Erection of Come. - The membrane cone must be reduced in

length as well as diameter for packaging. Diametral reduction may be

accomplished by pleating the cone as the rim ring is folded for packaging.
In order to accomplish a reduction in length, additional circumferential

folds may be made. As an alternate method, the membrane may be wrapped

spirally around the collapsed column assembly simultaneously with the folding
of the ring.

The folded membrane must be clamped in place at several points for ,
support. These clamps can be released prior to the extension of the cone.

The cone will be positioned for operation as the rim ring and the apex
ring are erected.

Weight Breakdown

The conceptual design of the packaging/erection system for a 60 foot

diameter concentrator was made in sufficient detail to permit the calculation

of the system weight. The weight breakdown is given in Table I. The total

weight was calculated to be 319.54 pounds exclusive of the opening mechanism

for the rim ring and the structure required to support the concentrator in

the vehicle. Estimating the opening mechanism weight at 15 pounds brings
the total to 335 pounds exclusive of supporting structure. The effective
frontal area of the concentrator is the area of a 60 foot diameter disc

or 2827.4 square feet. The specific weight is then 0.1185 pounds per square

foot exclusive of supporting structure. The supporting structure weight

cannot be accurately estimated at this time because of its dependence on

-18-
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vehicle configuration which is not defined. The design objective for the

concentrator is 0.2 pounds per square foot or a total weight of 565 pounds

for the 60 foot diameter. Thus, 230 pounds remain available to be used

for supporting the concentrator in the vehicle, This structural weight

allowance appears to be adequate.
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TABLE I

WEIGHT BREAKDOWN FOR 60 FOOT DIAMETER CONCENTRATOR

Component

Central Structure

Spoke Reels

Support Channels

Support tubes
Drive Tube

Actuator, D-610 Hoover

Cams, CF - 1/2 McGill

Cams, CYR-I McGill
Motor Actuator

Gears

Stand-Off

Drive Hangers

Hangers

Rim Ring
Sides

Cone Mount

Cone

Cables, 20 Mil

Membrane, I Mil

Number

Required

4
2

3
I

i

8
12
i

13

3
2

3

4
i

120

i

Carriage And Upper Column Section
Tubes 3

Mounting Plates 6

Rousings 3
Ball Bushings, 0PN-162536 Thompson 3

Drum, 2 Inch 1

Material

Aluminum

Aluminum

Steel

Steel

Aluminum

Aluminum

Aluminum

Alumirmm

Aluminum

Titanium

Polyethylene
Steel

Mylar

Aluminum

Aluminum

Aluminum

Magnesium

Weight

(_s)

17.00
16.80

12.70

2.70
3.75

.20

1.64
.24

2.15
.15

1.26

.70

59.29

111.63

5.43

3.84

120.90

35.45

35.45

Drum, 4 Inch
Motor Mounting Plate

Actuator, C-280 Hoover

Box Ring
Channels

i

I

I

i
6

Magnesium
Aluminum

Aluminum

Aluminum

1.29

.12

.93

.72

1.92
.72

7.50
1.62

.59
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TABLE I (CONTINUED)

Component

Angles
Gussets

Pulleys
Pulley Brackets
Tubes

Channel Ring

Hangers
Reflectors

Middle Columm Section

Tubes

Box Ring

Channel Ring
Reflectors

H angers, Lower

Hangers, Upper

Ball Bushings

•Pulleys

Pulley Brackets
Rack

Lower Column Section

Tubes

Box Ring

Channel Ring
Reflectors

Number

Required

12

6
15
12

3
i
6
50

3
I

I

25
3

3
6
6
6
3

Material

Aluminum

Aluminum

Aluminum

Steel

Aluminum

Aluminum

Aluminum

Steel

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

3
i

I

25

Steel

Aluminum

Aluminum

Aluminum

Hangers, Upper

Ball Bushings
Rack

Box Ring

Angles
Gussets

Disc

Box Stiffener

Apex Ring

Apex Ring Retainer

3
6
3
1

6
6
1

6
1

i

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

Aluminum

Fiberglass
Aluminum

TOTAL WEIGHT

Weight
(Lbs)

.58

.28
lO.5O
1.12

I._
_.50

42 .OO

5.80
2.98
.77

4.22

.70
2.66

1.92

.39

.16
6.56

26.16

5.hO
2.06
.39

2.53

2.66
1,92
6.56
3.o8
.o6
.23

.67
2.72

7.00

.46

35.74

319.54
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SUMMARY OF STRUCTURAL ANALYSIS

Analyses Conducted

The concept of the cone and column concentrator, wherein the cone

is subjected to only axial tension along with the fabrication, packaging

and deployment techniques, present several unique structural problems.

These problems are discussed in detail in Appendix A.

Of the four basic structural components that make up the concen-

trator, the unique problems arise in the analyses of the large foldable

ring and of the film cone. General equations are developed for the

structural analysis of these two components and are then applied to a
60 foot diameter cone _d ring. These analyses indicate that, while a

functional ring of adequate structural strength is feasible for an

arbitrary column load of 60 Ibs, it is not possible to obtain a suffi-

ciently smooth surface on a simple membrane cone by applying only axial
load.

This study indicates that a smooth surface may be obtained by
deviating from a true cone to a membrane of revolution of anticlastic

curvature. However, fabrication of such non-developable surfaces becomes

difficult. If the surface is initially fabricated with single-curved

gores so that the unstressed cross-section is polygonal, analysis indicates

that the desired membrane of revolution cannotbe obtained by application
of axial load.

Alternate Approaches to Cone Construction

Another method of fabricating a true cone that will have the required

smooth surface under axial load only is presently being investigated

experimentally. The concept is based upon the application of collapsible
circumferential structural members distributed over the external surface of

the cone. These members will provide the circumferential compressive

and flexural stiffnesses required to restrain the compressive strains that
induce wrinkles in an unstiffened membrane cone. The results of these

investigations will be included in another report.

-22-
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THERMAL ANALYSIS

Summary

A _----"_,__=_ _nalysis was made to determine typical temperature distribu-

tions in the cone while operating in various positions in a near-earth
orbit and also while outside the influence of the earth. The details of

this analysis are included in Appendix B. Factors which were considered

in this analysis are:

(I) Solar energy
(2) Earth albedo
(3) Earth radiation

(4) Heat receiver aperture re-radiation

(5) Interchanges within the cone

The thermal analysis incorporates reasonable simplifying assumptions
and/or approximations to reduce this efiort to a level suitable for a

feasibility study without notably degrading the analysis accuracy. The
thermal areas affected ares

(I) Reflections within the cone of system e,nit_ed IR radiation,

planetary radiation, and albedo. Thes ,_i_ms are partially

diffuse before striking the cone intel':_alsurfaces, and will
remain so after reflection. By assuming the reflections as

perfectly diffuse, view factor routines will be adequate to
handle these reflections.

(2) Dividing the cone into axial and circumferential nodes may result

in an excessive number of nodes with resultant analysis complexity_

A hybrid system of nodes and infinitesimal areas may be introduced

to expedite the analysis.

Transient considerations do not appear to be a serious factor as the

thermal response time for the cone material would be i to 2 minutes. The

structural support response time would be considerably longer, however,

this consideration is beyond the scope of this program.

Thermal Analysis Results

Cases Investigated. - In addition to the sample temperature distri-

butions obtained as part of the development of the thermal analysis program,

temperature distributions were calculated for the cases listed in Table II.
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TABLE II

PARAMETER VALUES FOR COMPUTER RUNS

Run

NO.

1

2

4

5

6

7

8

9

l0

ll

12

13

14

15

16

Internal Surface

(%) (4)

12 4

12 4

12 4

12 4

12 4

any 4

12 4

12 4

12 4

any 4

12 4

12 4

15 40

15 40

15 4o

15 4o

External Surface

0¢ E

(3) (3)

any

any

15

15

any

any

25

25

any

any

9o

9o

15

15

15

90

Planet

Angle
(deg)

40 none

90 none

40 0

4O 45

40 9O

4O 180

9O

9o

9o

9o

9o

90

5

5

4o

9o

0

45

90

180

0

45

0

45

45

45

-24 -
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The combinations of absorptance and emittance selected are typical of
various surfaces which could be used in the concentrator construction. The

properties of some typical materials are shown in Table III.

TABLE III

PROPERTIES OF TYPICAL MATERIALS

Material

Aluminized Mylar

SiC on Al_minized Mylar

Black Paint

Solar Reflector Paint

Flat Reflector Paint

Mylar (1 mil clear)

L__._ .........

I
(_ .l ')

o.15

0.9

o.25

o.25

0.2O

I

0.C,4

0.40

0.9

0.9

o.25

0.7

Calculations were made for operation in a 300-mile orbit about the earth

and for operation at 1 A.U. removed from the influence of the earth.

For earth orbit cases, calculations were made with the concentrator on

the earth-sun line and at locations 45 deKrees, 90 degrees and 180 degrees

from this line (the last case locates the concentrator in the shade of the

earth). In all cases, the concentrator is oriente_ to the sun.

Result Sheets. - The thermal analysis computer outout data is presented

in Appendix C. Each set of results is identified with the proper input data.

Graphs. _ Figures 9, I0 and ll show the effect of surface properties on

the radial temperature distribution of the cone. A temperature discontinuity
occurs at a radius of about 58 percent of the outside radius because of the

second incidence of solar energy inside this ra_ius. The temperature plots

terminate at radii of l0 and 100 percent of outsi_e radius at the extremities

of the conical surface.

-25-
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FIGURE 9. CONE TEM/:'ERATUREDISTRIBUTION

WITH NO PLANET IN THE VICINITY -26-
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CONE TEMPERATURE DISTRIBUTION

AT 45 DEGREE ANGLE TO _,IILIGHT PLANE -28-
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_en the concentrator is not on the earth-sun line, the temperature
distribution is not radially symmetric. In these cases, the temperature

distribution is best _hown by a plot of isotherms (constant temperature
lines) on the cone.

Figures 12 through 16 are plots of isotherms on the cone. The polar

grid represents a view looking into the cone. Since the temperature distri-

bution is symmetrical with respect to the azimuth of the earth, only half
the cone is shown.

Effects of Thermal Expansion on Cone Geometry. - The temperature vari-

ations from one part of the cone reflector to another can cause thermal

distortion which will affect the reflector accuracy and performance.

If the reflector is a true cone at one temperature, it will expand (or

contract) to a cone shape at any other uniform temperature. The new cone

shape will have the same apex an_le as the previous one as illustrated in
Figure 17, view A.

Where a temperature discontinuity exists between two parts of the cone,

the two Dart_ will ten_ to be physically discontinuous. This tendency will

be resisted by stresses _ue to strains where the two parts are connected.

View B of Figure 17 shows the effect of a radial temperature discontinuity

and view C shows the effect of a circumferential discontinuity.

Where a uniform temperature gradient exists along a meridian of the

cone, the meridian will ourve. The curvature will be concaved outward when

the temDerature increases with radius and inward with decreasing temperature.

Outward curvature of the meridian produces an anticlastic surface and inward

curv&%_re produces a synclastic surface.

In _eneral, the rurvature may be expresse_ as:

where:

i/p OL sin2_ sec 0 ( dT d2T )= --_--+ r--, (I)dr 2

r

lip =
(::X.=

8---
T -

cone radius
Curvature (inverse of radius of curvature) at radius r

linear coefficient of thermal expansion

cone half-an_le

temoerature at radius r
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As 1on_ a_ the curvature is positive (concave outward), the cone sur-

face cannot become synclastic ann there will be no danger of compression

in the surface accompanying the application of meridional tension. The

limitin_ case is when the curvature is zero. Solution of the resulting

differential .....+_^_ "=uu_u_.. _Ives :

T = C1 In r + C2

where CI and C2 are constants of integration. The uniform temperature condi-

tion is_obtained when C1 = O.

An alternate form of equation (I) is:

lip = x sin 2 _ see _ 1 d2T (2)
r d(In r) 2

This form makes it possible to check for cone curvature by plotting the

temperature a_ainst the logarithm of the radius. The curve obtained should

be concave upward to ensure deformation in the direction of an anticlastic

surface. An example of such a plot is shown in Figure 18 for the case of

concentrator operation not in the vicinity of a planet, (runs no. 1 and no. 2).

The curve_ are concave upward in the centralpart of the cone but tends to

be concave downward in the outer part of the cone. Thus, the meridians in

the outer part will tend to curve inward and put the membrane in compression
in the circumferential direction. Unless there is a counteracting membrane

tension, the membrane will buckle under compression and wrinkles will result.
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CONCLUSIONS AND RECO_,_4ENDATIONS

Structural Feasibility

An analysis was made of the structure required for erection of a light-

weight cone-and-column concentrator in space. This analysis showed that all

parts of the structure can be designed to carry erection loads and at the

same time be made foldable. The erection load assumed for the analysis was

sixty pounds axial compression load in the column with the reaction carried

through the conical membrane and the support ring. This load was selected

arbitrarily since the loading required to position the surface of the
conical membrane is not yet established. This load is near the weights of

the principal components and so is representative of the structural loading

associated with accelerations near 1-g.

The weight of the system was calculated to be 335 pounds, exclusive

of struct.u_e required to support the system in the vehicle. This is nearly
0.12 lb/ft _concentrator frontal area as compared to the design objective

of 0.2 lb/ftm," Should the required membrane tension be greater than that

provided for by this design, the various structural parts will have to be

stiffened and strengthened at an increase in weight. Other factors which

may lead to an increase in structural weight are inertial loads associated

with orientation and structural adaptation of the concentrator package to

the launch vehicle. Packaging of the concentrator into a space 9 feet in

diameter by 25.33 feet in length was determined to be feasible.

Studies were made of methods of introducing a circumferential tension

in the cone in order to smooth out longitudinal creases and wrinkles. Anti-

clastic surfaces were investigated to determine their suitability in generating

circumferential tension and to determine the feasibility of making such

surfaces of flat gores.

A surface with both meridional and circumferential curvature was found

to produce sufficient circumferential stress to smooth out longitudinal

wrinkles and at the same time to be sufficiently near a cone to preserve

the optical principles of the cone-and-column concentrator. However, the

investigation concluded that it is practically impossible to achieve circum-
ferential curvature in a near-conical surface made of flat gores seamed

together.

Optical Considerations

The cone-and-column concentrator, 60 feet in diameter, will focus 95 per

cent of the focal plane energy into a 1.9-foot diameter aperture if the

-38-
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optical components are constructed with the following accuracies:

cone tangential error -

cone radial error -

column radial error -

.ml

•ne column diameters required are:

30 min rms average

15 min rms average

16 min rms average

top half of length -

third quarter of length-

lower quarter of length -

2.130 ft. diameter

1.544 ft. diameter

0.884 ft. diameter

The shadow loss was calculated to be 4 per cent. When combined with

the specified reflectance of 65 per cent, an overall efficiency figure of

62.4 per cent is obtained for the concentrator.

Thermal Effects

Temperature variation over the surface of the cone results in non-

uniform expansion of the cone. The temperature variation is primarily

along meridians of the cone because of the radial variation of incident

solar flux on the cone. The largest variation is the discontinuity at the

line of demarcation between singly reflecting surface and doubly reflecting

surface. The differential expansion there can be compensated in the con-
struction of the cone.

k%en the temperature of the cone is influenced by the presence of a

planet, circumferential variation in temperature will exist. The resulting

thermal expansion will Kenerate shear stresses which will buckle the surface

of the cone. The likelihood of overcoming these stresses with bi-axial

tensile stresses is small because of the low level of circumferential tensile

stress which can be attained.

Conclusions

A conical reflector ma_e by seaming plastic film into a conical shape

will not perform _ati_factorily in a cone-and-column concentrator. This is

because there is no practical method of introducing a sufficiently high

circumferential stress to remove meridianal wrinkles which may result from

packaging creases, thermal distortion, or practical limitations on accuracy

of fabrication. The latter two sources of wrinkles may be attacked by making

the cone of unseamed meridianal strips. This method, however, introduces the

problems of curlin_ and twisting of the strips.
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Other parts of the system appear to be feasible. The component re-

quiring the most development next to the cone is the collapsible rim ring.

This is due to the novelty of the concept. Parts of the ring concept

aopearing to require development are: (1) the hinges which permit collapse

of the cross section but which must carry high shear loads Muting folding

Recommendations

The means of constructing a lightweight conical reflector require

further analytical and experimental investigation to establish the feasi-

bility of this concentrator component.

The folding and erection principles of the rim support ring require

some form of experimental verification. The cone is being developed as

part of the present program. The folding support ring development is not

included in the present program. Future program plans should include this

item.
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ring with respect to the cross-section at a

support point
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Strain

An angle measured the same asp but never
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Stress

Torsional shear stress

The slope of the meridian (Refer to Fig-
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The slope at the tip of the deflected
cantilevered beam (Refer to Figure 8)
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surfaceformed by the supporting cables
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Denotes the circumferential direction in the ring

Denotes the critical value
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T
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LI_ oF_s (to.T)"

Denotes the part due to torque

Denotes transverse direction in a gore

Demote circwnferential and meridian directions, respectively
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ANALYSIS

I. Analysis of the Kin_

A. General

A thorough treatment of the foldable base ring is documented

in Reference 1. This analysis is summarized herein and is

applied to the 60 ft. diameter, diamond cross-section ring.

The three loading conditions considered in the design of the

ring and the corresponding analyses conducted for each are
summarized below.

I. T_he Static Loading Due to the A_Dlied Axial Load on
the Cone

This is reflected to the ring as (I) uniformly distri-

buted and concentrated radial compressive loads from
the cone and cables respectively and (2) uniformly dis-

tributed loads normal to the plane of the ring from the

cone that are reacted by the normal components of the

concentrated cable loads. For these loadings the ring

is analyzed for:

a. Strength

b. Buckling in the plane of the ring

c. Buckling out of the plane of the ring

d. Local buckling

me Packa_in_ Loads

For the specified packaging requirements, the maximum

bending stresses are determined from the smallest bend
radii involved.
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3. Fo!di_ Loads

Folding is defined as the first step in the packaging
of the ring whereby the diamond cross-section is col-

lapsed (folded) into a line. The resulting maximum
circumferential stresses are determined.

4. Ener_ Required to Fold or Open the D_,mnnd Cross-
Section

For the folding condition, a calculation is made to

show the energy required to open or fold the diamond

cross-section ring. This is the energy that must be

supplied by internal springs.

B. Detailed Ring Analysis

i. The _t_tic Loading Condition

A schematic diagram of the configuration is shown in

Figure i. The cone is loaded by mechanically extend-

ing the column to produce the load, Q, shown in FigUre

2. This load is balanced by the forces in the cone,

ring and cables as also shown in Figure 2. The applied

ring loads may be resolved into the three loading con-

ditions shown in Figure 3 and each may then be analyzed
separately and the results combined according to the
principle of superposition.
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FIGURE I - Schematic Diagram of the Cone and Colum_ Reflector
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Case I Case II

Case III

FIGURE 3 -Ring I_ad Cases

Equations of statics relating the loading components of Figure 2
and 3 with the applied column load, Q, are

qh = _(x = H) cos _H = 2.b_ cot q_t (1)

I qV ,-" NCp(x-,H)

Fv = Q -,

! °

_A._ (2)sin_H = 2 wb

(3)



= (RI+R2) cosu =2 Rpcosu q ] (4)[ _ _.2, sin,.,

Where:

I

I
I
I

n

Rp

the number of cable attachments on the ring

the resultant of cable pretensions at each point,

n, in either conical surface I or 2

a@ Strength Requirements

CASE I

The uniform radial loading of Case I, Figure 3, causes

only compression in the ring. This compression force

is easily seen from statics to be,

C = qh b (5)

The compressive force, Q, in-plane bending moment, _,

shear force, Vu, and radial bending deflection, 5r,
may be readily'determined from Case 9, Page 158 of

Reference 2 as,

I G = ½_ [cosa

I

I

I

(6)

Mp = ½ _b [cosasine el] (7)
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where •

APP_ DT._.A

"' "to A (EI_

at a=e_ 5to =
2 (EI)p

(Refer to Figure 3)

F & 1 _ cos e l (q)
L @ - s:Lm-----'@-- e:L_ @ -J

[ 2 sinl e (e + sine cos e) --_ ]

(1o)

--" N

n
(ll)

(EI)p = the in-plane bending stiffness of the ring.
Positive deflections are inward

CASE ,III

Expressions for the out-of-plane moments, Mn, shears, Vn,
and torques were derived in Reference I. However, the in-

dependent derivations given below revealed errors in the

moment and torque equations. The derivations herein are

therefore used along with additional expressions for the

out-_f-plan e deflections.

First, consider the static equilibrium of Case 111 in Fig-

' ure 3. Then, rather than using Equations 3 for Fv, we may

write,

Fv = 2beqv (12)

or in general, if qv were not constant but some smooth
function of the angle 8, symnetrical about the plane that

bisects the angle 28 (Refer to Figure 4)
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2e

• v j qvdv --

0

I

i

I

I

I

I

I

i

I
i

Because of symmetry, a segment of the ring subtended by the

angle 2@ may be considered separately in Figure &. Also, by

symmetry, the torque at the support is zero, i.e., To = O.

_=0

n T°=O

0

,= f (p)

FIGURE 4 - Free Body of a Ring Segment Between

Supports

From the Statics of Figure 4,

Fv

=T b (Z-cos p) + qv [1 - cos (p - _)]

(Z4)
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(z6)

Substituting for Fv from Equation 13 into Equations 14, 15 and 16

gives,

T : N_ s_+b2{1-cos_2

-_)]d_}

%-- _ cos_+b2{Sin_2

2e

qvd_-_qv[l- cos (_

o o

(17)
20 13

qvd _-;qvsln (_ -_) d _ }

o o

(].s)

(Z9)

In the above equations, Mno is determined by summing up moments

on a 28 arc about the tangent at one of its ends. Thus,

2g

b2 cos 2e
Mno - sin2e ; [I +2

o

- cos (2e - 13)] qv d _ (20)

For the particular case of qv constant, the above equations become:

Hno : qv b2 (0 cot 0 - I) (21)

/
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x. = xno.cosp + qvb2 [ e sin-p- Z + cosp ]

= q,,,_i__cosco-_)__ -_] (22)

T = _ smp + q, b2 Ce (z- co_ p) - p + _in p

= qvb2_ (e-p)- es_(e-_)l
sin @ J

(23)

vn = qvb(e-p) (2z+)

Deflections

Transverse deflectionj 5, due to bending moment Mn and Torque T
can be found from equations (Reference 7)

d p2

T - Z _ Z_.d_• + (26)
GJ b dp b2 dp

where _ is the angle of twist of the ring cross section. Differ-

entiating Eouation (25) with respect to _ and combining the re-

sulting equation and Equation (26) yields

_._ , _ = __E _. __..____ _] (_
d p3 dp E1 dp GJ
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contains

m the boundary condition

m 5 = 0 at_ = 0

m _.p = 0 atp 0

m d.._.5= 0 at p @.

@

GER-12114

This is a third order linear differential equation, and its solution

three co_istants o£ integration which can be determined from

m Noting that d Mn = + b2 @ Sin (e- _)

d--_- qv sin----_
m th_ general solution of Equation (27) is

(28)

(from Equation 22)

m

m

i

5 =el cos p +0 2 sinp + C3+qv_

2

@S-_-_ sin (@

(e - B) l
- _) - co- Y (29)

m Taking into account the botmdary conditions (28)} the constants Cl,

C2 and C3 are

- ZI _@"

I

(_o)

I

I

I
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C2 = qv b4 e

02 )

Then the deflection equation can be found from Equation (29) (for

0 < _ < @) upon substituting Equations (30) to (33) for C1, C2 and

C3•

b@ Bucklin_ in the Pla_e of the Ring

The critical circumferential buckling stress is taken directly from
Reference 1.

where:

p

.tr

c 3
- _ : _(EI)i%-- (33)

for - 4P_r 41_ b_-_

= the length of one side of the diamond cross-section

= The wall thickness of the diamond cross-section

c. _uckllug Out-of-the-P_ane of the Ring

The out-of-plane buckling criteria for the critical circumferential

stress due to _iform radial load, qh, and for the critical in-
plane bending moment, respectively, are (References I and 8)
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_hc,_ _ _ CECUm _ ]
fcr - _ p_ pt r b 2 [ 4 + E1)n (34)

Mcr = (EI)n2b+ O_ /[ (m)_-GJ]+24(EI)n_GJ(35)

Local Bucklin_

In checking the local buckling of the wall of the ring, the

criterion used in Reference 1 is again applied.

f_ = 3.6E[ ¥ (3s)

2. Packa_in_ Stresses

e

The diamond cross-section is first folded as shown in Figure 5.

The folded cross-section (of thickness 2 tr) is then looped success-
ively and packaged around a central hub. This looping is done

normal to the conical surface defined by the sides of the folded

cross-section so that bending stresses are induced. Applying the

flexural formula to this problem, the bending stress corresponding

to any given minimum bend radius_ Prop incurred during packaging may
be determined as (where the wall is-conservatively assumed to act as

one plate of thickness 2 tr) ,

fb = --- 07)
Pm

Folding _tresses

In folding the diamond cross-section, the maximum strains occur

when the section is half open as can easily be seen in Figure 5.
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FIGURE 5 - Folding of the Diamond Cross-SectionRing
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This maximum circumferential strain may be derived from the

geometry of Figure 5 as,

and, l_jHookers law the corresponding stress is,

fe = _4b

(38)

09}

4. E_ersy Required to Fold or Open the Diamond Cross-Section

From Reference I, this energy is givem by,

3b

C. A Design Example

Having presented the necessary equations for the structural

analysis of a large foldable ring of a diamond cross-section,

such an analysis is now conducted for a typical example. The

given data are:

H = 485in.
a = 36i_.

b = 360in.

Pm - 4in.
p - 3.5in.

tr -- 0.020 in.

_o = _H _ 56.25 degs. Q = 60 Ibs.
= 13 degs. n = 60

e = 3 degs.

Titanium 6AL- 4V

= 120 ksi
FEtY= 16×103ksi

= 0.29
G = 6.2 x I_ ksi
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The above data is compatible with the preliminary design of

a cone-and column solar concentrator of Reference I except
for the wall thickness which is taken as 0.020 in. rather

than 0.014 in. in order to obtain a minimum factor of safety

on buckling of 1.5. The angles 9o and _H have been taken
equal and equal to the complement of the half angle of the

theoretically true cone. Actually these angles will be un-

equal to conform with the cone design which is a membrane

of revolution having anticlastic curvature. The resulting

differences between the true and assumed angles will be

sufficiently small to be negligible for the analysis of the
ring.

The applied axial column load, Q, has been arbitrarily taken
as 60 lbs. As yet, there is no basis for this number other

than Reference i where this value (N_R = 0.032 Ibs/in) was
used but also arbitrarily. It appears that the required axial

column load must be determined experimentally for a cone de-

sign that is basically different than that proposed to date.

This conclusion is based on the analytical work presented
in Section II of this report.

The analysis of the example ring is now continued.

I. Section Properties, Stiffnesses and Stres_ Equations

lp=In= 3__ trE_2+tr]=E3_] (12.25)(0.020)
[_+0_0]=0__ (_)

j=4P4 tr
4P

(k_)p = (E1)n

GJ = (6.2)(0.8575) × l06 = 5.32 × l06 ibs-in 2

_ p3 tr = (42.875)(0.02) = 0.8575 in.4

(42)

= (16) (0.58) × l06 = 9.28 × lO6 lbs-in 2

(43)

(_)
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a. Circumferential Rin_ Stress

C C

r= - _ +¢ = 4: (_.5) (0;020) = 3.57C (45)

b. Circumferential Bending Stress

fb = M__ = 3._ M - 4.26M
z J"E 0,58J-_

(46)

c. Direct Shear Stress

fs = 8ptr
_v J_-

8 (3.5)(0.020)= 7.58v (47)

d. Torsional Shear Stress

T

= 2--pLtr =

T = 2.04 T (48)
2 (z2.25) (6.020)

2. Applied Loads

In determiningFHbY Equation 4, the pretension in the cables

must be known. The lower limit, Ru = Q/n sin u, will first
be used and the additional allowable pretension will then be

determined based on the strength of the ring.

From Equations I through 4,

6o
qV = 2 (3_) " = 0.o265 Ibs/in.

qh = qv cot _ = (0.0265) (0.6682) = 0.0177 Ibs/in.
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FV = 60 = 1.0 Ibs.

= _ eot u = 2 (4.331) = 8.662 Ibs.

3. Design Loads

a. Case I

c = (o.o177)(3_) = 6._erobs.

b. Case II

Cm= = _ (8.662)(19.11)=m.9Zbs at==O

i _ = (4.99z)(360)[19.11- iso

I

I
I

I

I

I
I

I
I

VPma x = 4.331 ibs at a = 0

c. Case III

Ynma x = (0.0265)(360)(0.0525) = 0.5 Ibs at IS=0

,,,=: _o.o__o_{ [ _ ] c_.o_-_}-o,_ _:o
Tmax : 0

d. Combined Loads

C = 89.3 Ibs,

Vmax = 4.331 ibs.

Mmax z 0

Tma x : 0
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a. In-Plane Bending Deflections

From Equations 9 and 109

(8.66a)060)_ r 2 1
at = = O, 5ro =- 4 (9.28 x 106) L 0.0_25 " 0.0_25

1
- 6.0525] = 0

i at a =e, 5to = 0

I 5. Design S_esses
Substituting the combined loads in Equations 45 through 48p

fo = (3.57)(89._) = 319

I

I
!

I

= (4.26)(o) = o

Total = f = 319 Ibs/in. 2

fs : (7.58)(4.39l)= 32.8 _,i

'_ = 0

6. Allowable Stresses and Factors of Safety

I a. Buckling in the Plane of the Rink (_uatlon 33)

I _:r = _ (9.28x lO6) = 76S lbs/i.2z, 0.5) (o.o2o) (36o)2
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Co,m_r_g this allowable to the applied stress of 319
ibs/i_ _- sho_ the .4_ _...n adequate factor of eafety

of F.S. = 2.40

be Bucklin_ 0ut of the Plane of t_ _ (Equ_tlons 34 and 35)

Since the in-plane moment is zero, only Equation 34 is e£
interest

f= = A (768) = 535 i_/_ 2

5..32

F.S. = _ = 1.68

C. l_oQal .Bucklin_ (Equation 36)

= 3.5

Oomparing this allowable to the combined applied stress
of 359.3 Ib/in 2 shows the ring has an adequate factor of

safety of F.S. = 5.22.

e Packa_in_ Stresses (_uation 37)

. [ 0?__9.o]
120 = 1.5F.S. = -_

= 8o,oooros/in2
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8. Feldin_ Stresses (Equation 39)

fe = (3.5) (16 × lO6)4 o6o) [ 2- J_ ] = _,eoo_b_ 2

F.S. = 120 = 5.25
22.8

9. Energy Required to Fold or Open the Cross-Section (Equation 40 )

I; - " (16 x 106 ) (3.5) 3 (0.020)

I0. The Allowable Additional Pretension in the Cable_

For a factor of safety of F.S. = 1.5 on the ring stability, the

allowable additional resultant of the cable pretensions, Rp@,
greater than Q/n sin w (refer to Equation 4) is next determined.

This @alculation is dictated by the out-of-plane buckling an-

alysis (fcr = 535 lbs/in_). Then,

zcr _ -319 = 3s lb./in2
za = F.s'--J- re : 1.5

By Equation (45)

ca = &p%z,L = 4 (3.5) (0.020) (38)=10.61bs.

By Equation (6)

Fha = 2 Ca sine : 2 (10.6)(0.05234) = I.ii Ibs.
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and_ finally, from Equation (4)

Fha _ i.II

APPE_DIK A
GER-1211_

= 0.57 Ibs.
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II. ANALYSIS OF THE CONE

A. G_e_l

Since deployment of the cone is accomplished by applying only
axial load (the base ring provides circumferential forces but

only locally near the ring)p the primary probl_ is the develop-

ment of adequate circumferential tensile stresses to reduce

residual creases and wrinkles to a satisfactory reflectivity

level. Unfortunately, the primary circmnferential stresses are

zero everywhere in an axially loaded cone. Secondary, higher-

order, circumferential tensile stresses are induced due to the

deflections, but these are insignificant. The analysis of

these stresses and corresponding deflections is presented here-
in.

In order to obtain an analytical estimate of the circumferential

stresses required to minimize meridian wrinkles, an apparently

conservative approach was taken. A unit width strip of the

Mylar film with transverse creases was considered and a solu-

tion for the large, nonlinear, deflections of cantilevered

beams was adapted. Force-deflection relationships that yielded

infinite slope at the tip of the cantilevered beams were gener-

ated and the results plotted. These curves may be used to de-

termine the required membrane force to minimize the wrinkles

for a given allowable reduction in the developed length due to

these creases and for a given spacing between creases.

In order to obtain the required circumferential stresses, i) the

true cone must be subjected to distributed loads over the entire

surface such as provided by internal pressurization or, 2) under

only applied uniaxial meridian forces, it is necessary to devi-

ate from a true cone by fabricating a membrane of revolution

with anticlastic (negative) curvature. From both a fabrication

and structural viewpoint_ the first approach is preferred. How-

ever, because the basic concept proposed in Reference 3 depends

on axial load alone, it is necessary to take the second approach.

Various curves may be considered for the meridian that defines
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the anticlastls surface of revolution. Two are considered

herein| I) meridians which yield constant circumferential

stresses everywhere and 2) parabolic meridians. Yamilie_

of these curves for various ratios of the applied axial load,

Qp to the circumferential stressp re, are generated along

with the corresponding meridian and circumferential stresses

at various locations on the surface. A "cone" design may

thus be selected for given required circumferential stresses_
axial loads and meridian curves.

As a consequence of the anticlastic surface approach, the
fabrication problem of making a surface of double curvature

arises. In pressurized bodies that are fabricated from gores

of single curvature, the desired shape is controlled by the

pressurep i.e. as the pressure is increased the originally

flat gores develop curvaturep pass through the desired body of

revolution and then take a lobed shape such as observed in a

parachute, for example. The question isp will a similar

approach work in the problem at hand where_y the axial load

now replaces the pressure in forcing the flat gores to take
double curvature? The analysis contained herein considers a

gored body with meridian seams. Although certain simplifying
assumptions are necessary, the results are considered adequate

for the feasibility determination. It is concluded that al-

though circumferential curvature occnrs upon application of

axial load_ a true body of revolution cannot be obtained. In

fact, for the restraints imposed on the geometry and axial

force of the example problem t only small deviations from the

undeformed polygon cut by a Diane normal to the axi.q of symmetry

are possible. Resul_s of experiments on preliminary

models indicate the aOove conclusion is correct. However, it

has by no means been experimentally verified.

B. Detailed _nalvsis o.fa True Cone

The approach _f Chapter 14 of Reference 4 is taken. In general,
the same nomenclature is also used.

I. Genial Deflection Equations for Uniform Meridian Tension

and A_Isymmetrical Temperature Gr%dients

Consider the frustum of a conical shell without bending stiff-

ness and subjected to an axial force_ Q_ and a smooth t_nper-

ature gradient along the meridian as shown in Figure 6. The

symbol T represents the temperature change from the datum.
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FIGURE 6 - Frustum of a Cone
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I Ne_m_um law (Reference 5),

I E{p E@ v

! _ a t _ Itten in t.nm ,f.s _' ic film of tl_c] n,

]

The strain components in an elastic body undergoing thermal

expansion are related to the stresses by the well known Duhamel-

For an isotropic film of thickness, hp F_uations (49) may be
reduced and written in terms of the membrane forces as,

(49)

I
I

I

From the statics of Figure 6,

(50)

_ - 2. (a +qr) s£. v (51)

or, defining

I

q = _(r=o)
l

_ Q

2_ a sla_ (52)

(55)a+y = r o

!
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Equation 51 becol_,

_+ = a_ q (5+)
Z"o

Because there is no external load applied normal to the surface
of the cone and because the meridian radius of curvature for a

cone is infinite, it may be shown from the well known membrane

equation (256) of Reference 4 that,

se ffi o (55)

L
dv

Consider the displacements of an element of meridian length_ ds,

and take its normal and tangential components of deflection, w

add v respectively 9 to be positive as shown in Figure 6. The

strain-displacement equations of Reference 3 then become,

(v cot _- w)

(56)

Considering the first of Equations 50 along with Equations 54

and 55 and substituting into the first of Equation 56 yields,

dv _ _ +iT (57)
ds - Eh ro

But, from Figure 6

I

I

d _o
ds = ----- (58)

cos

I

I
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dv _ dv

•, ds d r o
cos 9 = aq +_T

Eh ro
{59)

Integrate Equation 59,

V
V a ,q In
Va - Eh cos

ro

ro

+ cos

&

T dro

and

I Eh COS
V j. _ _ (._)

COS Ip
a

I where, va = 0 at ro = a

I

I

Similarly, the normal deflection is determined by substituting
the second of Equations 50 along with _uations 54p 55 and 60

into the second of Equations 56. Also Equation 61 is used.

From Figure 6 and Equation 53,

I
I

I

I

I

Then_

ro
P2 = s_'---; (61)

Eh ro Eh sin _ sin

(_)

I -81-
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i s_Idp re
_ a q re "T ,, aq re 6 f

v - E_ _ _ _-_ _" + _n + Ja T droI - Eh sin _ T

ro

m roEh sin ? sin
&

(63)

It is interesting to note that if the v and w components are resolved

to the radial displacementp the part of this radial displacement due

to the axial load is constant _verywhere,

Radial displacement = eO re = w sin _- v cos (_)

I

I

I
I

Substituting for v and w from Equations 60 and 63 into 64 yields

_ 9aq
soro - _E- - _Tro (65)

Since one basis of evaluating the accuracy of a solar concentrator
is the angular error (or deviation of the slope of the deflected

meridian from that of the perfect one), the angular deflections

that correspond to the linear v and w displacements are next deter-
mined. The equation of the displaced meridian is first determined

by adapting a new coordinate system based on the undisplaced meridian
as shown in Figure 7.

I From Figure 7 and Equations 60 and 63, the u and z coordinates of
the deflected meridian are

re

U - COS _ COS----_ Eh cos _ _- cos
a

! ° E ]- "_ E_"_'°*_] c_" =-_ =_-i"£-_'_ro- _ _ _o _.hsin,.

II

I

I
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The tangent of the desired angular deflection is the slope of
the de__ee+_d .o_4_4=.,

dz
m

dro_
tan_ = --_ - d___u

dro

I
m , ,,, ,,

aq
r o Eh sin

__1

1 + aq + aT
cos _ r o Eh cos _ cos

_ ac
roa dro ro_

i+ a--_-g- +aT
ro Eh

cot

and,

ro 2 d_ _9.

tan ql = a d r o Eh cot

r° (l + a T) +
(68)

2. Deflection of the Cone Under Uniform Merid_qnal Tension

The general equations of the preceding section are now applied to

the example problem considered in Section I - "Analysis of the

Ring". No temperature gradient is considered so that the terms
containing T in the equations drop out.

The film c0nsidered is I mil F_lar having E = 735,000 psi and

= 0.3.

Substituting the proper values into Equations 52, 60, 63 and 68

yields,

. -84-
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I

I
I

q = 2. (36)(0.8515)= _.;_7_,_.

r o• = 06) (o.n?)..... _:,[ _ ](755_o) (o._i} (0.5570)

r o

I = o.o,__.[_] in.
: (36) (0.319) ro

+0.3}

fLn %
k'-'71

(7o)

r o
(n)

I [ o._,__,] co._735
tan 11 =- r o

I _ + 735
D

2.1_ (72)
= 204 ro + 3.19

I

I
I

From Equation (72)) the angular deflections are seen to be very

small. They vary from about 0.0166 degrees to 0.00166 degrees

from ro = a to ro = b respectively.

3- ,The _econdary Circumferential Stresses Due to the Cone Deflections

Let

- s (vs)m - E_

Then, Eq_ti6ns 66 and 67 may be written, (for T = O)
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I

I
r

11 = _ + _ _n
I o m rocos _ cos _ -a" (74)

I __R__m F_ ro .

Z = - sin _ LLn_ - * _ ] (75)

I
The first and second derivatives of u and zwith respec_ to r o

i become,

I ,,'= -!-I F1+_lcos _ L ro J

I Ul __ -- m

ro _ cos

I " (76)

I ,, = - r_n_
z" = -- m__.-

I ro2 sin

The radius of curvature of the meridian is given on page 200
of Reference 6 as

Pl

[ (u,)2 + (.,)2 ]B/2
i

U! z" - z t u" (_)
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Substituting Equations 76 into 77 and simplying yields,

r°2 sin_ { E i+ m-- f+ E mc°t _2} 3/2 (78)
PI - mcos 2 _ ro ro

The corresponding principal radius of curvature normal to the

meridian plane may be determined from the geometry of the de-

flected meridian in Figure 7. Then,

P2 sin (_ + q) = ro - w sin _ + v cos

-ro-m ,_n_+_ +m2_n _
a

- ro- ml_ (79)

Since q is small, the approximations, sin q _ tan q I q and

cos q m I are made and substituted into Equation 79 so that,

P2 = ro - m _ (80)
sin _ + q cos

Substituting for q = tan q from Equation 68 into _quation 80

and simplifying gives

P2 = (ro+ m) (ro- m _) sin_ (81)
(ro + m) sin2 _- m cos2

The in-plan_ meridian membrane forces may again be determined
from statics, but %hi_ is now d_,n_ by considering the deformed

geometry to yield,

-8?-
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sin (_+_) q --

where _ is the angular deflection at rO = a

The well-known membrane equation (Referenee 4) when the force

normal to the surfaoe is zero and when _ is opposite in di-
rection to P2 becomes

NO- -- : o (_)
Pl P2

Substituting Equations ?8, 81 and 82 into Equation 83, solving

for He and simplifying gives,

sin(_ ÷ _o)
Ne = (a - m_) _2 (_ + ,_)

,=Co82?

ro q (84)

Again, making the small angle approximation,

sin (_ +IIo) = sin 9+ rio cos 9" sin 9- m cot _ cosa+m

. (a+m) si.2_-,.cos 2
(a + m) sin
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8_,,2 (_ + _)

= (r o+m) 2sin_-2mCro+m) sin2_aos 2_+m 2 cos/+

(ro + m)2 s_ 2

sin (_ + _o)

sin2 (_ + q)

,,. . (a + m) sin2 _- m cos2

(to+ _)2sin_ __ 2_ (ro+ _)sin2
2

cos _ + m_ cos4

(r o + m)2
x sin_ (85)

a+m

Substituting Equation 85 into Equation 84 and simplifying gives

m (a- mlL) (r0 + m)2

(a + m) ro2

(a+m) sin2_-mcos 2

[(r o + m) sin2 _- m cos 2 cp]2

ro ro
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Substituting for m from Equation 73 into 85 and simplifying

yields

][_ , _ , _]._
! *

ro + a._
gh

_ aq cos 2

I

I
I

I
I

I

(sT}

In the example problem, _Eh is very small. Equation 87 greatly

simplifies for this case to yield the approximate_ equation,

,, . _ [_. oo,,_]_
Eh

(as)

Substitution of the example problem values into Equation 88 shows
that even the maximum secondary circumferential membrane force

(at rO = a)is negligible.

(o.ng) 2 (o._)2 = _ x lO"_ ibs/_.
= 735

or, the corresponding stress is only,

¢e_x = o.o_ l_/in.2
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Ce E-t4_____ted___ n4_.,m*.---+_-___...-__...._ S_-ess Req,_ized to Minimize Residual
Meridian Wrinkles

In order to achieve a perfectly smooth surface free of wrinkles

and waves, the thin film must be subjected to biaxial stresses.

This is predicated on observations of simple _nlaxial strip

tensile tests, for example. Here, even narrow, uncreased Mylar

strips are observed to take transverse curvature at relatively

small longitudinal stress levels. For wider strips, the edges

first curl and then a series of waves develop across the section.

Unfortunately, the above phenomenon occurs in the uniaxially

loaded cone-column reflector. In addition, the necessary
meridian seams that axe stiffer than the basic film cause

wrinkles [at least, locally near the seams] and since the cone

must be packaged, some creasing will occur necessitating the

application of circumferential as well as meridian stresses to
remove them.

The approach taken in the following analysis of the stress

required to minimize wrinkling is based on the premise that

a conservative solution for the more easily defined problem

of wrinkling due to packaging will yield results that govern

over the other two _oblems mentioned above.

Consider only meridian creases. Then for N creases, the length

between them at any radius, ro, is

2 S - 2 - ro (_))
N

-91-
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The circumferential stress required to pull out these creases

can be determined as follows:

NO _ N@

S(a) c
A

-- S(b)

FIGURE 8 - A Creased Unit Width of Film Under Axial

Tension NO

Preliminary investigation indicated that with the film thickness

under consideration the axial load NO that produces plastic Joints
at the creases A and C is negligibly small. This was done by con-

siderlng the non-linear elastic deflection of a cantilever beam

with a tip concentrated load. This indicates that the problem is

an inelastic onet and for this reason it mlst be restated as fol-

lows: Determine the circumferential stress N@ which would bring

the height of the creases, _r, (See Figure 8b) to a predetermined

value, dictated by the desired smoothness of the surface.

The moment at the point A (Figure 8b) is

= tr (90)

Since the cross section at A is assumed fully plastic, the value

of I% is
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-_-- , where ? is the yield strength of the film and h the

film thickness. Then Equation (90) becomes :

Zr = I__

For 1.0 nil Nylar (_ -- iO,OOOI h = 0.OO1) the above
equation becomes

£r = 0.0025in-lb/_ (91)

With a fully plastic hinge at A the crease tends to disappear;

this, of course, would require a small increase in the_tensi0n

Ne, which is accompanied by a subsequent decrease in _. The
process of complete elimination of the creases is rather com-

plex, because it would require the knowledge of a precise stress-

strain diagram for the Mylar film. However such a diagram, with
the desired accuracy, is not available. As the section at A

becomes fully plastic the tension N@ assumes first its l_est

possible value9 and the respective _ assumes its highest
value. In this sense Equation (91) is a conservative one_ be-
cause it can be used with confidence to determine the lowest

tension N8 that leaves surface irregularities described by the

parameter _r" Figure 9 offers a plot of the tension Ne in

terms of _r"

-93-



!

I GER-121334

I

I

I

I 200

X

I ! I i

IO 20 30 40

_ × lO_

FIGURE 9 - Force-Deflection Relationship for Unit Width l-Mil

Mylar Strip

If surface irregularities in the order of 15 rail, for example,

could be tolerated, the required tension N@ would be 0.167

Ib/Inp which corresponds to a stress of 167 psi.
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D. Surfaces of Revolution HavinR Anticlastic Curvature

Although many curves may De considered for the meridian that

defines the amticlastic surface, only two types are analyzed

h_rein; !) meridians that yield constant circumferential stresses

everywhere and 2) parabolic meridians.

Consider a general meridian curve that forms a surface of revolu-

tion as shown with its coordinate axes in Figure I0.

Q

H

b

P2

X PI

Q

z

FIGURE I0- The _nticlastic Meridian Curve
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Again consider Equation 83,

- _ : o (_)
Pl P2

The meridional radius of curvature is given in any calculus text
as

pl (I+ y,2)3/2= ,, (I08)
Y

where the primes denote differentiation with respect to x.

From Figure I0_

(IO9)
P2 = sin

But, since the slope of the curve is y' = cot _, it follows that,

,2)-_sin_ = (l+y (11o)

Substituting Equation II0 into 109 and the result (along with
Equation 108) into Equation 83 yields,

,y"_p Ne

2)3/2 -(I+ y, (a + y) (1+ _,,2)_
= 0
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andp simplifying gives

= y" &p (111)
Ne (a + y) (I + _r,2)

The meridian force is given from the statics of Figure I0 and by

use of Equation II0,

or

2.(a+y)_s_cp = Q

- Q (I + y'2)_

%P = 2. (a+y) sln_ 2. (a+T) (I_)

Substituting Equation 112 into Equation III

y. (1 + y,2) _ (113)
NO = 2.

I. The Constant Circumferential Stress , Anticlastic Surface

The equation of the meridian that gives constant circumfer-

ential stress everywhere is determined by setting N@ equal
to a constant in Equation 113 and then solving the resulting

differential equation.

Let
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Them, Equation 113 becomes

II y. (1 + y,2) "% = K

But note that this equation is the same as,

I

i

I
I

!

(I + y,2)-_ d (I + ?.,2) K
=

Integrating Equation 116,

and,

(l+y,2) %_ = Ky+C 1

I
_,/(Ky + Cl)2 - 1

(115)

(116)

(117)

The equation of the meridian curve is given by performing the
integration of Equation 117, e.g.

I

I

I
Let,

x = _(Ky+Cl) 2-I

Ky + CI = cosht,

Kdy = sinh t dt,

-I
t = cosh (K y+ C I)

dy = I/K sinh t dt
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x- r i sint dt +C - r d%
-j _ /_-- 2-j _ ,c2

4 _osh' t - l

l
The integral of Equation 119 simply gives

x = _ +C2

I The desired _uation of the Leridian is f Qal

rut _g for t into Equation I 0 and e"a,lu8 In8

I of integration from the two boundary conditions,

I x = Oaty = 0and,
x = H at y = b- a -

I Thenp

1 -1 1
I x = _ cosh (Ky +C I) + C2 .

or, I CI IIII y = _oo_h[ K(_-c2) ]- _" J

Making these substitutions in Equation 118 and simplifying gives,

(I19)

(120)

The desired equation of the meridian is finally given by substi-

tuting for t into Equation 120 and evaluating the two constants

(_2)

i K (b-_)
C2 H I . .-i .....

!
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_e= 2. h -- (I_'_
K = 2. -_ , Q

The resulting meridian (or generating) curves are plotted in

Figure II for various ratios of the axial load to circumferential
(or hoop) stress. Figure 12 presents the corresponding meridian

stresses (as determined from Equation 112).

2. The Anticlastic Surface Formed by a Parabolic Meridian

The general equation of a parabola is

y =A_+Bx+C (12_)

Three boundary conditions are required. Since the curve must pass

through the points x = 0p y = 0 and x = Hp y = b- ap one easily

obtains,

c = o ._
and, b- a

AH+B- H

The third condition is based upon a given required circumferential

stress at the small base of the "conical frustum". That is, N@o
will be given.

Then_ from Equation i13, this third boundary condition may be

stated_

y,2)-_ Neo %0
y" (I + = 2. _ = 2 -h -_- = % C12_)
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The first and _econd derivatives vf- _,,_,,_,,.,...,,_--.-_^__I_I -_.-e

y I = 2Ax÷B I
I

yJ = 2A

(127)

Evaluating Equations 127 at x = 0 and substituting the result into
Equation 126 yields

2A (Z+ _)@ = Ko (28)

When solving Equation 125 and 128 simultaneously for A and B, the

following quadratic arises,

(129)

At this point, it is necessary to resort to numerical calculations.

The geometric values for the example problem considered throughout

this report were substituted into Equation 129 along with two

different Ko values. Solution of Equation 129 revealed one positive

and one negative root. Since the A coefficient corresponds to the

slope of the meridian, it is easily seen from Figure I0 that the

positive root is the only one of interest. Having thus determined

Ap B sad C were then calculated from Equation 125 and substituted
into Equation 124 to give the desired equations for the parabolic

meridians. These are plotted in Figure 13. Figure 14 and 15 pre-
sent the corresponding meridian and circumferential stresses as

determined from Equations 127, 113 and 112.
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3- Design Examples

Comparisons of Figure 12 and 14 show there exist no large dif-

ferences between the general shapes of the constant hoop stress

and the parabolic meridian curves. They diverge with decreas-

lug axial load to hoop stress ratios, but even for the lowest

ratios considered, the meridians are very similar, the parabolic

curve oeing slightly closer to the true cone. The meridian

curves corresponding to a range of one order of magnitude in

the axial load to hoop stress ratio have bees presented in both

figures. Although the lower boundary is unreasonably remote from

the true cone_ it has been included to show the shape that would

be required for a combination of a 60 lb. axial load [as used in

Reference II and a required circumferential stress of about 28 psi

which corresponds to a surface irregularity of 0.09 inches as can
be determined from Equation (91) for I rail M_lar film.

I
I

I

From optical considerations, an anticlastic surface that closely
approximates a true cone is desired; one that is defined by the

upper boundary [ _f@ - 20.944] of Figures 12 and 14. However,
to obtain a hoop stress of 28 psi, an excessive axial load of

600 Ibs. would be required. This high load combined with the

practical consideration of manufacturing a surface to the result-

ing close tolerances indicates only larger deviations from the
cone are feasible.

As an example, consider the curve for _fe = 5.7597 in.2 in

Figure 12.or For ._f_--- 28 pSiPoriginallyamaxialproposedlOadof approximatelYof
I 162 Ibs. 2.7 es the load 60 Ibs.

is required. From a structural viewpoint this design would be

feasible since the corresponding maximum meridian stress from

Figure 13 is only 770 psi as compared to the MTlar yield strength

of II_0OO psi. However, the strength of the ring as discussed
in Section I-C would have to be increased.
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Eo Development of a Body of Revolution from an _nitially Fabr_c_t_

Body Raving Bases that are Regular Polygons

The feasibility of generating a body of revolution of negative

meridian curvature from an initially fabricated regular "pyra-

mid-type" body by applying only axial force must be determined.

This problem arises because the desired anticlastic surface is

nondevelopable whereas the originally proposed cone was.

Consider the gored body with meridian seams of F_gure 16. Any

section cut by a plane normal to the axis of symmetry is a

regular polygon of r sides. Feasibility is substantiated by

proving that the polygon deforms _o a circle under the appli-
cation of axial load.

Q

Seams

FIGURE 16- Undeformed, Gored Body with Meridian Seams
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The total axial load is resisted partly by the seams and
partly by the gores,

Q = Qs + Qg (130)

The tension force in any one seam at a point defined by the

angle _ (see Figure 17 for example) is

%
T - r sin _ (131)

Two simplifying assumptions are now made, I) the meridian

seam is closely approximated by a circular arc and 2) the

membrane stress in the gore and normal to its centerline is
assumed to be constant. The variation of this stress (de-

noted by Nt in Figure 16) is actually unknown but the assump-

tion should be adequate for this feasibility study since it

has been shown in Figure 15 that the hoop stress variation is

small in the body of parabolic meridian that is "near" the
cone.

A free body of a seam may now be described as shown in
Figure 17. The x and y coordinates of a point on the seam

are (from Figure 17 ),

x = pls (cos _- cos _a) } (132)

= Pls (sin Va - sin _)

From the static equilibrium in the horizontal direction of

Figure 17,

_a

fTb cos _b- Ta cos _a = 2 Nt sin_ pls sin _ d
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FIGURE 17 - Free Body of a Meridian Seam
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Substituting for Ta and Tb from Equation 131 and integrating
Equation 133 yields

q--st+%aot_ - oot_a) = 2 Nt pzs

or t

where 9

si-! (cos_- cosVa)
r

(13_)

qs .+
= 2 r sin-" (135)

Pls r

cot _b - cot _a
J = (136)

cos _- cos Va

The analysis is now limited to cases where the number of

gores is sufficiently large so that the small angle approxi-

mation is valid_ e.g.9

sin -w = tan -" = -" and cos -" ul
r r r

Equation 135 then becomes

Qs J
+% : 2. (13?)

?i s
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Next, consider the stress-strain equations, vua_u,-v_,,,J.w.Lj"....... _--_-
ass_e a uniaxial stress condition exists and the meridian
strain in the seam is then

T Qs (13_)
8_s = _ = r (AE)s sin{p

The gore is subjected to biaxial stresses so that the stress-
strain equations are given by dropping the terms containing

T in Equations 50,

= i (N_ "t) "_6(pg _ - p

' (_Tt _)
ctg - (Zh)g - _

Solving Equations 139 simultaneously for N_ gives

(139)

= _ (S_g+ _ _tg) (uo)
i - p2

Since the gores and seams are connected to rigid bases and

must elongate the same amount, strain compatibility between

gore and seam is assumed_

(_)

This facilitates subs.tituting Equation 138 into Equation

140 to yield
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I [ Q. (m_)_

I

I

I

and, solvi_ E for ]f_

where

Q" + _ _t ] (U3)

= (AE)s

Substituting for Nt from Equation 135 into Equation 143,

I

I

I
I

E I + _ _ ] Qs (IAS)
N_ = k r sin cp 2 n pl s

Another equation for N_ is available from the static
equilibriwn of a gore in the direction parallel to the axis

of symmetry.

Equating Equations 145 and 146,

Qg = [ 2 . (a + y) +__/ (a + y) sin ] Qs (147)
_r p_, cp
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Substitute Equation 147 into Equation 130,

and,

Qs k r pl s

k r pl s Q
Qs = (_s)

r pl s + (2 N pl s + _ J k r sin_) (a + y)

Substituting Equation 148 into Equations 145 and 135

(2. pl s + _J kr sin _) Q

N_ =
2 _k r pl s sin _ + (2n pl s +,_J kr sin _)(2w)(a + y) sin

Nt =

JXrQ

2. xr pls + (2. pls + _J Xr sin _ ) (2-)

(_9)

(a + y)

(15o)

The membrane equation (Equation 83) may once again be applied;

this tim_, to the gore.

Pig P2g

- 0 (151)
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_,_bstitutin_g for N_T and N% from Equations 149 and 150 and

I

I
I

I

= _ xr s4.m _z_ (z52)P2g 2. + I*;I _ sin
Pl s

Next consider the deformation of one side of an original polygon

on a plane normal to the axis of symmetry of the body (Figure

18). If this side (along with the others) is assumed to always

be an arc of a circle during deformation, a strain displacement

equation based on the original length plus the transverse strain

and the arc length of the deformed side may be written, (see

_ure zS)

r ; -qe _e (z53)

If the parameter angle, _, that defines the cut, section is
assumed tG be essentially constant, the radius of the deformed

circle, Re, may be related to the principal radius of curvature
that is normal to the meridian plane (refer to Figure I0) by,

= sinI! Re P2g
(l_)

I

I

I
I

Substituting Equation 152 into 154,

153 and solving for Et yields,

Xr si_2

% = (a+ y)(2.pl+pJXr sin _)

the result into Equation

(i_5)
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__ Center of Deformed Circle
r

• / / Axis of Symmetry

I

_ +Y

/ /_ J \ . __One Side of a

-_ t" -_'- _ti"f - Thi_fef°rmed

FIGURE 18 - Undeformed and Deformed Side of a Regular Polygon

Cut by a Plane Normal to the Axis of S_etry
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The meridian radius of curvature of the gore cannot be const-_ut,

as implied above, even for the undeformed geometry since the
seams have been chosen to be circular arcs. Therefore, an unde-

formed meridian through the gore lies on an ellipse. However, for

the large n_mber of gores that have already been specified, the
differences between meridian radii of curvature at various loca-

tions on the gore and seams will be negligible. Considering the

large meridian radii of curvature for these anticlastic surfaces

that are "close" to a true cone and in keeping with the previous-

ly employed simplifying assumptions, discriminations between the

gore and seam meridian radii of curvature in Equation 155 is con-

sidered to be unnecessary for purposes of this feasibility study.

Dropping the s and g subscripts in Equation 155 and setting this

equal to the second of Equations 139 gives,

"t - _ _ = ('a+ y) (2.Pl + P J x r sin_)

- (m){ (156)

But, Nt and N_ are given by Equations 149 and 150, where the sub-
scripts s and g are now dropped. If the substitutions for Nt and

are made and the result simplified, the following cubic equationr is obtained.

q
(Eb)_sin_ xr 2+Ir-z

-_ Rr 3 + (R- S + T) r2 + (U- V) r- W
- W

(157)

where
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R = j p1s _ s_ _)2 [ Pls+ _ J (a+ y) s_ _ ]

s = _ J p1x2 (a+y) sln_"

£ 2

u = 2,,>,Pls2 (j s_ 2 _- l) (a+ y)

v = (a+y)2 4"_ J_ Pls sin

W = (a+ y)2 (2.Pls)2

x = Ca+ y) IL C1- _2) (j _, _ q,)2

= Ca+ y) (I - 2 _2), (2. :I >_Pl s sin cp)

z 4 _ (a + y) 2 2
= PIs

_- 0.58}

For given values of Poisson's ratio, the gore and seam stiffness,

the allowable reflective angle, _e' and the meridian radius of
curvature, the required axial force to the number of gores relation

at a particular cross-section may be determined from Equations 157
and 158.
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I. A Desi_ _La_le

Again consider the sample "cone" used throughout this report.

However, to show the maximum effect of the axial load, the ex-
treme case of the minimum radius of the circular meridian is

considered. This minimum radius is taken as that of a circle

that has its center in the plane of the small base of the

"conical" frustum. It then follows that,

pl s = 679.323 in.

" and J = I (See Equation 136)
_a = _ sin_

Since, the reflective angle, _, is critical at the large
base, the section a + y = b is considered. Then,

a + y = 360 in. and _= _b = 51e, 26.43 rain.

Furthermore, I nil M_lar gores with _ in. wide, i nil Mylar

seams are taken so that,

(Eh)g = 735 lbs/in

(EA)s = 368 Ibs

X = ½in.

Substituting the above Values along with _ = 0.3 into Equations

158 gives
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S =

T =

(0.782) (679_) (0.25) [679.32 + (0.3) (360) ] = 104.5 x 109

_o._c_ _ [ _ ]=_,.___

co_, [ _ ] {_ _.-,9.__<_ ] [ _ ] }

: [ _o7.zo_m-_9_5. ] Io_

U = ,, (679.32) 2 [ (0.782)- 1 ] (36o) = -113.7 x lO6

W "_-

(36o)2 4 ,, (0.3) (½) (679._2) : 166× 1o6

[z ,, (m9..,_) (36o)]2 = 2._6× 1012

x = (360)(0.3)(0.91)(_)= _.6

z = (36o) (0.82) ,, (679.32) = 630x lO3

Z = 4 (0.3) (360) ,,2 (679.32)2 = 1.96 x 109

Subs_ituting the above values into Equation 157, rearranging and
simplifying, yields the cubic,

[ ---" + 3900 - 65.1 X 10-9 (_ "---] r2 + w.[ 2680 +r9 - 0.796 qo qe '1o ,_

106 5.19Q]=0+ 1.67 x i0-3 Q ]r +_ [ 22.6 x -
(159)
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It is now obvious that only unreasonably high axial loads,
Q, have any effects upon Equation 159. Even axial loads as

high as a ton or more may be neglected. This analysis of
the deformations of polygonal bodies under axial load has

therefore been carried far enough to show that it is not

feasible to generate the desired boay of revolution by

applying axial load to a shape made from flat gores.

The alternatives are then: (i) making an anticlastic

surface of pre-formed double curvature gores, and

(2) inducing circumferential stress by the application
of circumferential stiffeners to the surface. The

second approach is now being investigated experimentally.
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CONCLUSIONS

The 60 foot diameter foldable ring of diamond cross-section

as described in the design example of Section I is structur-

ally adequate for a 60 lb axial load and the packaging and

deployment loadings. The minimum factor of safety is 1-5
which occurs under the packaging loads and also under the

out-of-plane buckling consideration if the maximum allowable

pretensions in the cables are applied.

The results of Section II indicate the following conclusions:

I. The secondary circumferential stresses induced by the
deflections of a membrane cone under axial load alone

are far less than those required to reduce the residual

wrinkles and creases to a satisfactory reflectivity
level.

2. A smooth surface may be obtained by deviating from a true
cone to a membrane of revolution of anticlastic curvature.

o An anticlastic membrane of revolution cannot be obtained

by applying only axial load to an initially fabricated

body having bases that are regular polygons.

o A solution to the problem of cone construction will be

found only by using designs more complex than those
considered in Section II.

Another method of fabricating a true cone that will have the

required _ooth surface under axial load only is presently

being investigated experimentally. The concept is based upon

the application of collapsible circumferential structural
members dlstriouted over the external surface of the cone.

These members will provide the circumferential compressive

&rid flexural stiffhesses required to restrain the compressive
strains that Induce wrinkles in an unstiffened membrane cone.

%he results of these investigations will be included in another

report.
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CONE AND COLUMN SOLAR CONCENTRATOR

THERMAL ANALYSIS PROGRAM
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INTRODUCTION

The cone and column solar concentrator is thermally represented as

shown in Figure i. The basic dimensions those of a 60 foot diameter con-

centrator while the come node locations are established primarily

by the solar reflections from the colmmn. Solar reflections from column

node 14 strikes cone nodes 2 and 3, from column node 15 strikes cone

nodes h and 5, f_ coSAnn node 16 strikes cone nodes 6, 7 and 8, while

cone nodes 9, I0, ii, and 12 receive no specular solar reflections from

the column. A temperature discontinuity may exist between nodes 8 and 9;

the node sizes are adjusted in this area to better define this discon-

tinuity. The concentrator may also be positioned with respect to a

planet (Earth) as shown in Figure 2, so that the planet effects cause

a circumferential variation in temperature in addition to the basic radial

variation.

In order to reduce thermal deformations, it may be desirable to vary

the thermal coatings over the cone external surface. These variations

may occur radially but not circm_ferentially, since the concentrator

is solar oriented but not planet oriented. For this reason the cone

external thermal properties are included as input data for each node.

Other input data (system variables) are the cone internal properties,

the column properties, the properties of the base (internal and external),
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the orbital altitude, and the position with respect to the earth-sun line.

Planetary effects may be neglected if desired.

The method of attack is to compute the cone node temperatures neglecting

circumferential variations, then refine each node temperature to account

for circumferential variationso No transient effects will be included

since the thBrmal response timB of the cone is con-

siderably smaller than the orbital period. Neglecting the transient

effects of the column and other hard structure should result in a slightly

conservative analysis.

The primary purpose of this report is to analyze cone temperatures.

Column effects are therefore neglected wherever possible. An estimate

of column temperatures is included_ but does not attain the accuracy of

the cone temperatures.
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SYMBOLS

Description

Area of subscripted node or disk

Solar constant (442.4)

Radiation view factor from first subscript
node, disk, or point to second subscript
node or disk

Distance between planes or points denoted
by subscripts

Dimensionless distance parameter

Orbital altitude

Node, disk, or point numbers

Dimensionless orbital altitude parameter

Planetary view factor from subscripted node

Planetary view factor at cone location 8

Heat flux

Incident heat flux on subscripted node

Diffusely reflected heat flux from sub-

scripted node

Absorbed heat flux of subscripted node

Location solar ray initially strikes cone

Location solar ray double reflected strikes
cone

Column radius

Units

ft

miles

m

BTU/br

BTU/_r

BTU/hr

ft

ft

ft

13o
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SYMBOLS (Continued)

Radius of subscripted circle

Planet radius

Dimensionless radius parameter

Diffuse solar reflectance of cone internal
surface

Specular solar reflectance of cone internal

surface

Diffuse solar reflectance of column

Specular solar reflectance of column

Temperature of subscripted node

Temperature of subscripted node at loca-
tion e

Distance along axis from apex of cone

Solar absorptance of cone internal sur-
face

Solar absorptance of base internal sur-
face

Solar absorptance of cone node n external

surface

Solar absorptance of column

Angle between surface normal vector and

surface-planet line

Emittance of cone intexnal surface

U_its

ft

miles

ml

OR

@R

ft

radians
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S_bo 1

_n

6
P

e

Symbol

ap

i,j,m,m',n,n'

1 to 13

ma,mb, na,nb, nc

ne

ni

nr

O

0-,15°,30 °,
... 180"
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SYmbOLS (Continued)

Description

Emittance of base internal surface

Emittance of cone node n external surface

Emittance of column

Angle around cone frc_ planet side

Rim angle of disk with respect to point

Stefan-Boltmmamn constant (0.1714 x lO-8 )

Angle of satellite from earth-sun line

Units

radians

zadians

radians

Subscript s

Description

Aperture

Node, disk, or point number (general)

Node, disk, or point number as indicated

Location on node or corresponding disk

External surface of node n

Internal surface of node n

Node n from all cone nodes

Angle around cone from planet (general)

Angle around cone from planet (general)
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I

I
I

I
I

I

A@

Since heat transfer in the system occurs almost exclusively by

radiation, the view factors within the system are required. A

small portion of the cone diffuse radiation will strike the column,

and this portion will be reflected or reemitted diffusely. For

simplicity this column effect is neglected by presuming the view

factor from the cone to the column node is zero. The column will,

however, receive specular reflections from the cone of which a

portion may be scattered diffusely I or absorbed and reemitted. To

place this diffuse radiation back within the cone node system the

view factors from the colu_m to the cone nodes are required. Figure 1

is used throughout this section.

I

I
I

To evaluate the view factors between nodes i to 13, it is con-

venient to consider the plane areas bounded by the node boundaries.

The symbol n' or m' will be used to denote the circular disk at

the la_r end of node n or m. These circular discs are opposed,

so that the view factor between any two may be obtained from the

Reference 1 expression:

I Fn'-_' ; TL _2
+I + h (1)

+ 1 - r2 -_r
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I where:

D I

r - _n' i _,

I I1-1

h " "n'_' / Rm,

The view factor from any circular disk to any node is then:

Fn,. m, _ Fn,.m , - Fn,.(m_l} , (m@ n)

Fn,.m = Fn,_(m_l), - Fn,.m , (m > n)

(2)

_he view factor from any node to any circular disk is:

!
I

I

I

Fn.m, " Fm,. n Am, / An (3)

The view factor between ar_ two nodes is then:

. Fn_ - F (m > n)Fn-m (m-l) ' n-re'

Fn. m - 1 -Fn_(m_l),- Fn.m, (m = n)

I Fn.m _ Fn_m, - Fn_(m.l),
(m < n) (4)

Table I presents the values of these view factors.
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To eva/uate the view factors from the col-m- nodes to the cone

nodes, the column radius is neglected and the circular disk con-

cept defined above is again used. Three points on each column node

n will be considered_ i.e. the ends of the node stud the center denoted

as n a, n b, and n c respectively. The view factor from any column

point i to any circular disk m' is :

Fi_m, ,, (_.-s_oos_)/_r (5)

where:

tan ;b - Rm / Hi.m, (5a)

The view factor from any col_mm point i to any cone node m is then:

Fi_ m = Fi_(m_l), - Fi.m, (pt on apex side of disks)

Fi_ m = i - Fi.m, - Fi.(m_l), (pt bracketed by disks)

Fi_ m = Fi_ m, - Fi.(m_l), (disks on apex side of pt) (6)

The view factor from a column node n to a cone node m is taken as a

weighted average of the view factors from points n a, n b, and n c

to the cone node m:
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1 F
Fn.m =

6 na-m

i
+ --_ Fnb. m + .--_ Fnc.. m

Table I also presents the values pf these view factors.

(7)
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B@ Planetary

The view factor of the planet will be required to evaluate pl&-_t

effects on the system temperatures. Figure 2 is used for this

I

I

I

analysis. Let e be the circumferential angle of a cone strip or

line from the side of the cone facing the planet, and let _ be the

angle of the satellite about the planet from the planet-sun line.

An angle _ may then be defined as the angle between the normal vector

to the external surface of the cone strip and the concentrator-

I

I

I

planet vector. Then:

cos f = cos 33-75" sin # cos e + sin 33.75" cos

(o.<f_ _ )

A dimensionless altitude factor K is defined as:

(8)

K = _ I (Rp+_) (9)

The planetary view factor is then:

F6 = K2cos_ ' (o _<_' _ cos -1 K)

I Pe = _ cos/_ _l- _/.-I sin-i (VK2- cos2_i, / [ sin_ )I

Ii . _.-1_(K2. cos2_ )(z- _) (_os-1 K.<,8_12)
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!

i _;_,_n_(_ _°.2,/ ._p )

Pe . o

(_/2-<p .<cos-l(-K))

(cos-1(-E).<#.<_) (10)

P@ is evaluated for values of e of 0- to 18o" at 15 ° increments.

The view factor from any cone node (nodes 2 to 12) to the planet is

taken as a weighted average of the 13 values of PC:

Pn " (3/8 PO"÷ 7/6 P_5"÷ 23/2_ P30"÷ P450÷ P60"

+ P75" + PgO"÷ ]'105" + P120" + P1350+ 23/2h F15o.

+ 716 P165- + 318 P18o-) / 12 (n)

The view factor frum the base (node i) to the planet is similarly

computed, utilizing the half angle 67.5" in lieu of 33.75" in

equation (8). The view factor from the open end (node 13) to the

planet may also be computed from equation (10) using the expression:

| _- _'-_ (12)
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Planetary view factors from all system external node surfaces have

now been obtained. These factors are a function of the orbital

altitude h and the angle about the planet _. Local values about

the cone have also been obtained.
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RADIATION FLUXES

Solar

Solar radiation will enter the open end of the cone, strike and

be reflected from the conej column, and cone before entering the

aperture. This sequence is shown graphically in Figure 3. The

direct solar flux which strikes the open end (node 13) is denoted

as Q:

Q = c A13 (13)

The direct solar flux Qn which strikes each cone node n may be

expressed in terms of its maximum radius Rn and minimum radius _:

%_ . Q (%2_ _2) I _ (2.<n.<'z2) (z_)

The receiver structure is presumed to have a radius of 3 ft and

shadow node I so that QI = O. The portion of this flux absorbed

by each node is:

qn = Qn _i (2-< n_ 12) (15)

A portion of the flux _ will be reflected diffusely:

- Qnrcd ( 2_< n_<12)n
(16)
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These diffuse reflections Will bounce around the core and eventually

be absorbed by nodes I to 12 or pass through the open end (node 13).

Presuming that further reflections of these difZuse ref3sctions are

also diffuse, the Reference 2 technique may be used to determine

the value of these absorbed fluxes for each node.

I

I
I

The specular reflections from nodes 2 to 12 will striko the colums_

nodes 14 to 16. A column node has a maximum and minimum value of x

which corresponds to values of Ra per Figure 3 and denoted as Rna

and Rma respectively. The reflected solar flux which strikes each

node n is:

2
Qn = Q rcs (_ " Rm2a) / R13 (14,-< n,-_-16) (17)

The portion of this flux absorbed by each node is:

qn " (_ O('p (14 _< n ,_ 16) (18}

I
I

I

The portion reflected diffusely is=

Qn " %, r_ (_-< n .< z6) (_)

A portion of these diffuse reflections will strike the cone nodes

(nodes I to 12). The quantity of this flux which strikes each node is s

| Q.= _ _j_j-.

B j.:_

(1 _ n ..<<].2) (20)
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The portion of this flux absorbed by each node is8

%. " QI _ (2l)

Presuming all reflections of diffuse incident radiation are diffuse,

the reflected values aret

(2..<n _ 12)

(22)

The reference 2 technique is again used to evaluate these reflections.

The specular reflections from nodes lh to 16 will strike the cone

nodes I to 8. Each of these nodes has a maximum and minimum radius

(Rb of Figure 3) which corresponds to value s of Ra per Figure 3, the

latter denoted as Rna and _a respectively (for node i, Rma is 3 due

to shadowing). The double reflected solar flux which strikes each

node n is:

Qn = Q rcs rps (Rna2 " R'ma2 ) / R"I_,.._ (1 _ n -< 8)

%, . o (9-<n .<12) (23)

The absorbed portions are again:
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ql = Q1 (xll (24)

The diffusely reflected portions, presuming node i to be a diffuse

reflector, are:

% = Qnrod (2-.< n(8) •

51 " Q1(1- o(_) (25)

The Reference 2 technique is again used to handle these reflections.

The triple specular reflections from nodes 2 to 8 then proceed to

the aperture.
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A_erture Reradiation

A portion of th_ solar energy which enters the aperture is reradiated.

Presuming 20% reradiation and 10% shadow losses, the flux from the

aperture to the cone is:

Q = 0.2 x 0.9 C AI3 rcs rps rcs (26)

The distribution of this radiation on the cone nodes may be obtained

fr_, the radiation view factors from the aperture to the cone modes.

Let Rn and _ denote the maximum and minimum radius of node n, and

Hap_n and Hap_m denote the axial distance between the aperture and the

node boundaries while considering the aperture as a relatively small

disk. Then:

Qn = Q 1 / (i +Hap_n2/Rn 2) - 1 / (i . Hap_m

(2..< n_ ii)

QI2 " Q 1 - I/ (I + Hap.m /R m (27)

Due to the high aperture temperature, the wavelengths of this radiation

is between that of solar radiation and _e infrared radiation emitted

by the cone, colmun, and pla_t. For simplicity, this radiation is

presm,ed to be 50% solar and 50% infrared. The absorbed portion of

this flux is:
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qn = Qn (_xi + 6i ) /2 (2_< n _ 12) (28)

All infrared radiation is presumed to be reflected diffusely, so

that the diffuse reflections are:

Qn --Qn (rcd+ (i- _i) )12

I
The Reference

(2--< n--< 12) (29)

2 techniques is used on these reflections.

The specular reflections from nodes 2 to 8 will strike _the column nodes

lh to 16, while the specular reflections from nodes 9 to 12 escape

out the open end. Each column node has a maximum and minimm, value

of • which corresponds to values of Rb per Figure 3 denoted as

Rnb and Rmb respectively. The reflected aperture flux which strikes

each node n is:

Qn = Q rcs Ii/(l + Hap.n_Rnb__2-2- _(i + Hap_mb/Rmb22 )I /2

(3o)

The absorbed portion of this flux is:

qn = Qn _p (14_< n_< 16) (31)

The diffusely reflected portion of this flux is:

_n = Qn rpd (l_ n _<16) (32)
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The v=11,_nf" £h4.q_4Ff%,._I_.reflected radiation wh4nh .+.,_v..

each cone node is=

16

Qn = _ -Qj Fj_n

j = 14

(l..<n _ _) (33)

The absorbed value of this flux is:

=. (2-< n-< 12)
qn = Qn 1

ql -- Q1 _x:u. (_)

Presuming all reflections of diffuse incident radiation are diffuse,

ths reflected values are:

The Reference

(2 -< n..< 12)

2 techmique is then used on these reflections.

(35)

The specular reflections from nodes 14 to 16 will strike the cone

nodes 2 to 12. Each of these nodes has a _aximum and minimu, radius

(Ra of Figure 3) which corresponds to values of Rb of Figure 3, the

latter denoted as Rnb and Rmb respectively. The double reflected

aperture radiation which strikes each node n is :

I_8
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I

I
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I
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I

I

I
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I

i

IJl--- • f #_ |

Qn Q rcs rps [1/tA 2 _. _.= + Hap_n_ IRnb-)- i/(I + Hap_rob /RinD )J
(2 _< n...<12)

The absorbed portion of this flux is:

qn = Qn _i (24 n_< 12) (37)

The diffusely reflected portion of this flux is:

Qn -- Qn rcd (2 4 n_12) (38)

which is again handled by the Reference 2 tecb_ique. The specular

reflections escape through the open end.
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Planetar_

Planetary emitted infrared radiation may strike the external node

surfaces and enter the open end to strike the internal node surfaces.

The absorbed radiation on the external surfaces is:

qn = 0.16 C An Pn En (I.< n _< 12) (39)

The radiation which enters the open end (node 13) is pres_.ed to

be distributed internally according to the view factors from

node 13 to the individual nodes. The direct planetary flux striking

each node is then:

Qn -- 0.16 CA13 PI3 Fl3-n (I_< n..<12) (40)

The absorbed portion is:

qn = Qn 6i (2..< n..< 12)

Q1 = Q1 Eli (_i)

The reflected portion is:

Qn = _ (i-_i ) (2 _ n.-_ 12)

QI QI (1 - &li) (h2)

The reference 2 technique is used on these reflections.
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Albedo

The albedo (planet reflected solar) radiation analysis is very

similar to the planetary radiation analysis. This flux varies

around the planet as a function of the angle _. For low orbits,

which are the most severe case, the angle dependence approaches a

cosine relationship; the absorbed radiation on the external surfaces

becomes:

qn = 0.36 C An Pn ZX'n cos)_

qn = O

(o_<_< _/2)(z_< n.<12)

(m/2_ ,_ ..< _,-) (h3)

The direct albedo flux striking the internal surfaces becomes:

= 0.36 C AI3 PI3 Fl3-n cos (0..< _ _/2) (1_ n ._<12)

= 0 ( _/2 _ _) (44)

The absorbed portion is:

qn = Qn _i (2 _ n _ 12)

ql " Q1 °'1_ (_5)

The reflected portion is:

Qn " Qn (i- O_i)

Q1 = Q1(1 - o,'li)

(2--< n --_12)

The Reference 2 technique is used on these reflections.

(h6)
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Column Reradiation

The column nodes (14 to 16) are noted to have partially adsorbed

solar radiation and aperture reradiation. This radiation will be

reemitted as infrared radiation, let Qj be the flux emitted by

the column nodes. The quantity of the flux which strikes each cone

node is:

16

Qn = _-- QjFj. n (I"< n --_12) (47)

The absurbed portion is-

qn = Qn 6. (2.< n_12)i

ql " QI 6_ (48)

The reflected portion is:

% = Qn (i-6.)
1

(2.<n _12)

The Reference 2 technique is used on these reflections.

(hg)
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TEMPERATURES

Cone
m

In the preceding sections, the absorbed fluxes for cone nodes i to

12 were computed, and include solar, aperture reradiation, planetary,

albedo, and column reradiation. Let qni represent these absorbed

fluxes for node n on the internal surface and qne on the external

surface. Each cone node will reemit these absorbed flttxes plus

any radiation it receives from the other cone nodes. The Reference

2 technique may be used to solve for the node temperatures taking

into account internal reflections, and is represented as follows.

Let n' represent a dummy position corresponding to node n. An

energy balance on node n then becomes:

6 An_'T 4 + , (_'T 4 __- ) + (2 _< n-.< 12)
n n (i - 6i) n = qni qne

6 AI_-T 4 61i AI T_
1 1 + (i -Eli) (_-Tlh -_ ') = qli + qle 150)

f

On the dummy positions, defining TI3 , as 0.-
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| E_An .3

i (l-E i) m. 1 ""

(2.<n .<12]

| _ A1 i_
(a-Tl_-_-T_,),,>-" _

| (1-6_) m _ 1

(51)

I

I
I
I

Equations (50) and (51) are seen to describe 2h linear equations

with the unknownsheingT4 andTn,4(14 n _ 12). Simultaneous

equations yields the values of T4 and Tn,4 , andsolution of these

hence Tn.

In order to refine the node temperatures to account for circumferential

variations, equation (50) is rewritten as:

(6 + 6i).AnO- T hn ,n = _ni + qne + qnr (2..< n..< 12) (52)

I

I

I

I
I

where qur is the cone emitted fluxes absorbed by node n; this term

qnr may be computed from equation (52). Since the cone interior is

highly reflective, the internal fluxes Qni and Qnr will have only

slight circumferential variations. Circumferential temperature

variations will therefore be caused primarily by variations in

the qne term, which includes planetary and albedo radiation. Equation

(52) may therefore be rewritten as:



I

I

I
I

I
I

I
I

I
I
I

I

I
I

I

I
I

I
I

APPENDIX B

GER-12114

(_n " (qni + qar)/An + 0.16 C Pe _n + 0.36 C PO _ cos Itln

(o.<¢..<_'121

(% +_) + q_)l_ + o.16c Pe6n

(_"12-<_._r) (53)

Equation (53) may be used to compute ci_umferential temperatures

on nodes 2 to 12. It is noted that neglecting circumferential

variation of internal fluxes should result in a slightly conservative

analysis, since the flux intensity will be slightly higher on the

cool side (away from planet} than the warm side.
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I

I B. Col_m

I The column temperatures may be estimated using the fluxes and cone

temperatures derived throughout this report. The column nodes were

I previously noted to have absorbed solar and aperture reradiation

i fluxes reflected specularly from the cone. The column nodes may

also absorb some planetary and albedo flux entering through the open

I end (node 13), the value of this flux being:

I qn c P13 An Yn-13 (O.16 Ep + 0.36 _p cos _)

i (0-.< _ ..<_/2)(Ib..< n-.< 16)

I qn - C PI3 AnFn_13 (O.16_p) (_r12_< Z"<_r)(lh'-< n'-<16) (54)

!

!
!

A number of diffuse reflections, i.e. solar, aperture reradiation,

planetary, and albedo, were noted to be bouncing around the cone.

The column nodes will intercept a portion of these reflections

which is evaluated with the Reference 2 technique. The effect of

the cone temperatures on the column temperatures, and the column

temperatures_ may then be evaluated by again using Reference 2 .

I%



I

I
I

I
I

I
I

I
I

I
I

I
I

I
i

I

I
I

I

Io

e

APPENDIX B
GER-12114

J_Ji U£ AI.Z,A" J_Z_L_ Zl _

ERG Eckert and RMDrake, Jr., "Heat and Mass Transfer," 2ndEdition,

1959.

AK Oppenheim, "Radiation Analysis by the Network Method," ASME

Transaction, May, 1956o Pgs. 725-728.

157



I

I

I
I

I
I

I
I

I
I
I

!

!
I
i

I
I

!
I

APPENDIX C

THERMAL ANALYSIS

COMPUTER OUTPUT DATA SHEETS

GER-_nA

-158-



I

I

I
I

I

I
I
I

I
I

I
I

I

I

I
I

I
I

,,._[

il

F

[

!";B

!zl
! i i

• i

I , i

I r _

' i

I

i
I

i i i

i i

i

i
i

: ! I

I

i ;

!c

I
!:
I0
J_
i"

i c

i-

=>I
=P.:i

c.}l

uJ
¢.u

u.J

i c.,,

i,.,.J
Io
i _"

i=-_

i"-

-159-



I
I

I

I
I

I
|
I

I
I

I

I
I

i

I
I

I

i

i>-I

<[I
_Z

0..--;

3[

_l.Ji

Z_

!*'I

I
I

i I

F

!I,I

t_
iz

q_r

'I

°1
_4

z

i

. ° I
o

o

_o

Iol

o

o[

&i

o

t_

_L

_n

I

gl

z!

_u

31

_o_
o

-il

¢.JJ

I

_n

_F
_r
_L

i

IDI ,-I

iuJ

OI °l

,oi,oi

.i_.

i

! L

_ F

i I!i_

;_i i_

u,J] La'l i,,_

-4 !"'i !

I I1:_
1

r _

i !

I

-:1.60-



I

I

I

I

i

I

I

I

I

I

I

I

I

I

I

I

I

I

I

c_

uI

.I
o

uJ

It c_
o
u

co

uJ

o

u

c

1 ,

_o

3 0 _

0 '._ O!

oo

• °
;oo

'oo

!oo

u
O0

_1_ 0

!4&

g

_- 0, o
,,_ !oo
w

,t!_O

r, i

oo
m_-, _

Na'_Q

dd

w

oz

z _

IOl

'iI

i

z

i:

L_

0

ol

W

UJf_l

J

0 °

Ili

o

o

u

v_u.I

i.,li _

i i.,

i

z_

_J

-161-



I

I
I

I
I

I
I

I
I
I

I

I
I

I
I

I

I
I

I

M

.=/

_E

I--

C)

i

,]
' i

, IJ.J_

w!

:

i
i v'J_

I i Z i

iz
_J

' iii
! I ;

: iwl
[ ,,=

uJ

: i

:o!

c_

'..Jl

.J

;!i_!

I I i I,,_'I
i ! I i O:

iiiE_!

I ! -!

i i !_i
' i izi

! iu_ •

1 o

iOi

[OL

I i

!w:

.Li_ I '

_ ioi i_il

-, ]_¸ _

_z_

,0cl

;e_cj

lUJi

lWl

!oi

!-!

i,,:[ I

O:

]CDO,

I0!0;

' i :oioi

_ io °i

,iool
' io o!

i o!o!

, o_ °:
i io!o

, ,° ,
i Iolo;



I

I

I

I

I

I

I

I

!

I

I

I

I

i

I

I

I

I

I

o

_J

u9

-'i

,!

E

u. u.

..J

Z

U

tu,

OI

,..3,

i
,.n!

ILIi,
, I I

l l°i

j i i--:

i i_-i

i i I,.,-,t

i II
_ i ioi: i

io

u_

z
I¢:L
_,--i

u,.
uJI

v5

, Q..

°

o

m

z

i-.

uJ

iJ]
I00!_1o!

Iolol

I_1ol

I io_oI
i,-- _io i

i io_o;

I .-_',.t_ [
i .L • z

oo

0!0

i _i-t

'gg

[ ;o o _

iolo_

'00

010

i.-_!xt

Ioo

LU_

11

, i
I_J! i

!

Ioi
loi

i!
Si

i :'¢

r_

!1

I

cn

i ! _I j

I:

i _ i'i

O" O" _Oi cOl_-

I ! I i

Oi 0_ 0_ _OiCOi

,!, i_l!!

I Io_oo_ool,-

I I I E i

•Oi ' _1_1_,

'_i_'_i"l _ _' _

APPENDIX C

_-_1_

i
J

I

i

I
i

u.

'uJ_

r_

:c6
_uJ

uJ

-163-



: I

!N:_iO I

i i • el

! i ,.--,ol
i I '

i iol,=,l

ioi_ioi

! [OiO _

_- _i'..I0 !

i';'¢

:01o!

igi_,

io!o I
,¢" J_¢_'o

.?o i

(-,,_;u,,_Io

I:!-:
oo

o i,_ iI.,-
Zl :--I

I._i /
i,_I'

d ! : i

-_6_-



APPENDIX C

GER-1211_

I
I

I
i

I
I

I
I
I

I

I
I

I

I
I

I

' t

=E

,,_)

#
<[

LU
UJ

; i

I =

Z

,r

.w

r_

i_.r

i I.-i

i L,Ul

J
i

J_

z

o

_Q

i I

I

01
' I Ol o_

io;o
oI _1 ol

I I Ol Ol

' Jo ol

I°!°l

iolo i

i

o o,

oo
,0,&m o

IO;O

i ,

oo

_,.'r

o o

oo

o o

Do

oo

olo

I
wl

o. uJ
c_ (..)
cz

Z

m

Ii°I o!

,z

I i
IWl I i

i
oli

l i !_i

4_! i :

..)! JOi il_ i

E_-. ,

'=i!

I-_i i

4

I

J

z

oi

,

-i

7

O!

-i

/[

i-

Io

I=!
u..l

I
)i
'i
,i

'i
J

i=

u

-165-



I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

I

..J

z

u_

Lu:

o

uJ

o_

°i
! I

.J

E_

b--

L

14
'o!
! 01
[o!

o

e0

o

z

w

z

_u

'o
b-x_

.4

z_

c

a01

j~;_.
'e_ll

,ii _'i_

i"i

u.r i itS;

i_i.O

I .!

i i_-i

; i

i'i

C3 '_-- l

Ze_:,
L.,,J_

i1._1

i '

zi

j i lu_

:t iu.!.l _
rL)_

l

, i

-].66-



-167-



I

I

I
I

I
I

I
!

i
I
I

I

!
I

I
I

I

I
I

: I

oi

: I

_ F
i
:l,u,

_o ¸

;o!

io!

i-!
iu!
_z i

r.hi

,u.[

i_,iir'i!_

!w
iu

io

i_'

10-I

I ;

0

,uJ

iz

C3

I i '
loio!

; ]
i,_1o!

I..,_ ' 0 I

i;,_;i =
io_ole

1 IN _i

ioloi
I_,!oi

Iglgl

rolol
mlQ

I_. _.

Ici 1

-168-



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



Io i_

r !

........... 170-



I

i

I
I
I

I
I
I

I
I

I
i

I
I

I

I
I

!

!

!!1
!
i i

o

c_

o.

N

'_i¸''i:i
O'

ol

oi

i.-

I_c!'"ll_l

i,_Ji

IOI

i i°_

i-J ;

cy

..i

L_
i ]

! I

i OI O:

i .-I! 0_[ 0_I

I _010,_' ....

!

] " =l010L

I

! ;oiol

i .....
i 1,010 _

! :OiO

i i0_0 _

I i

_o
i • 0, i

i _o_oi

IZ

)m.- ;
_. u.J '

_Z

_0

I

':! il_

i!i!_

_ ....,x, !

I Z

u.l ,

Z

!_I ! ,,

2: = i_'

2
i

J: iO"

id
i

i

u_

5
rl

Z

1

_0

0

aO

I

I

I

i

e_

g__
C:_

I

_o_o'"",_....

I_11'_II ,,,,II I Ii_

' i I

o_aDe_..o f,,..)c _ • _ "1 • • • • •

I

i

uJ

u-

,

_g_'_'......• ._ •,0,,__-._

momomomomomo_

-l?l=



I

I
I

I
I

!
I

I
I

I
I

I
I

I

I

I

..J1

C>,

.-4
,=_

o

a0

0

u'_Ln

,!
Io

I.ul_

0

i¢

-172 -



I

I
I

I
I

I
I

I

I
I

I--J!

i°i
i-

N

' ii

o_

i ' i

i i :

I

-l?_-



I

I
I

I

I
I

I
I
I

i
I

I
I

I
I

I

z

u.I

i-

:o
o

i

z

s..

z

li
I

ooo

uJI

ui
,Air

d.t

_,,_)!
iu.I I

i I

.!
i°!

i-I

:'Ji
;Zl

!!

_i_

o_

_lo

oo_l

O0

I
I

o
o

LAI

o

J

-'i

oI
°l _i

,j
?.

l

II

1
ii

I
, _
I

-I
i

ml

i °l
_r

7

I

Z

C

g_

I

I,I !

I -

.... ;1_ "_"
I

z _ _-_. _ _

,

•" " _i;:_l_l_; _

• e! e_ el _: e; • • _i •

' I i I

!: I _!

I__i, I i_

lI _

_'_ !_ I

I



I

I
I
I

l
I

' I

*i
L_

,i


